Remarks 

The Official Action dated December 23, 2008 and the 
Advisory Action of April 14, 2009 have been carefully 
reviewed. The present remarks, which are responsive to the 
Official Actions, are being filed as part of the submission 
required under 37 C.F.R. §1.114, in connection with the 
Request for Continued Examination, which is submitted 
concurrently herewith. In view of the amendments submitted 
herewith and the following remarks, favorable reconsideration 
and allowance of this application are respectfully requested. 
Applicants are submitting the previously filed response in its 
entirety as the Examiner has indicated in the Advisory Action 
that these amendments and accompanying remarks have not been 
entered into the present application. 

The December 23, 2008 Official Action and the 
references cited therein have been carefully reviewed. In 
view of the present amendments and following remarks, 
favorable reconsideration and allowance of this application 
are respectfully requested. 

At page 2 of the Official Action, the Examiner has 
rejected claims 9, 10, 12, 19, 36, 37, 52 under 35 U.S.C. 
§112, first paragraph as allegedly failing to satisfy the 
written description requirement. 

Claims 9, 10, 12, 19, 21, 22, 24, 27, 36, 37, 46, 
47, and 52 stand rejected under 35 U.S.C. §112, first 
paragraph. It is the Examiner's position that the 
specification fails to provide reasonable enablement for 
methods employing antisense mediated inhibition of p66shc in 
vivo . 

Applicants respectfully submit that the claims as 
presently amended are in condition for allowance. Each of the 
above-noted rejections under 35 U.S.C. §112, first paragraph 
is, therefore, respectfully traversed. 
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THE CLAIMS AS AMENDED FULLY SATISFY THE REQUIREMENTS 
OF 35 U.S.C. §112, FIRST PARAGRAPH 

A. Written Description 

Claims 9, 10, 12, 19, 36, 37, 52 stand rejected 
under 35 U.S.C. §112, first paragraph as the specification 
allegedly fails to adequately describe the genus of agents 
encompassed by the claims. Applicants respectfully disagree. 
The skilled person having the sequence information provided in 
the specification before him or her would readily be able to 
obtain nucleic acid molecules, either antisense or siRNA which 
are effective to down modulate p66shc expression and use the 
same to reduce the expression of p66shc in target cells. 

* At page 4 of the Official Action, the Examiner 
acknowledges that the specification does describe an antisense 
nucleic acid which specifically hybridizes to a nucleotide 
sequence which encodes p66shc protein and is effective to down 
modulate expression of p66shc protein. In order to expedite 
prosecution, claims 9, 10, 12, 19, 36, 37 and 52 have been 
amended to recite this feature. Applicants reserve the right 
to file one or more continuing applications on any subject 
matter canceled in accordance with the present amendment. 

It is submitted that the foregoing amendment 
obviates the rejection of the aforementioned claims based on 
inadequate written description. Accordingly, Applicants 
request the rejection be withdrawn. It is noted that the 
Examiner indicated in the Advisory Action that the foregoing 
amendment has overcome this ground of rejection. 

B. Enablement 

The Examiner has rejected claims 9, 10, 12, 19, 21, 
22, 24, 27, 36, 37, 46, 47 and 52 asserting that undue 
experimentation would be required to practice the invention as 
claimed. Specifically, the Examiner contends that the 
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specification fails to enable practice of the present method 
in vivo. Applicants respectfully and strenuously disagree. 

At the outset, Applicants do not concur with the 
Examiner's assertion that the state of the antisense mediated 
gene inhibition is highly unpredictable. Indeed a search of 
the USPTO.gov database using the term ACLM/"antisense" reveals 
hundreds of issued patents directed to antisense molecules for 
down regulating expression of target genes of interest to 
treat pathological disorders. Notably, many of these patents 
are not limited to methods for in vitro administration and 
frequently exemplify the use of in vivo mouse models to 
demonstrate efficacy. Applicants appreciate that each case is 
examined on its own merits however, given the plethora of 
references, applications and issued patents in this art area, 
it cannot be reasonably maintained that the skilled person 
doubts that administration of antisense molecules in vivo are 
effective for down modulating target gene expression. 

In further support of Applicant's position, listed 
below are several companies actively involved in developing 
antisense therapeutics for the treatment and prevention of a 
wide variety of diseases which include viral infection, 
cancer, multiple sclerosis, cardiovascular disease, diabetes 
and inflammation. 

1. Isis Pharmaceuticals ( www.isispharm.com) 

Isis Pharmaceuticals is the leading antisense company and 
"Vitravene" (fomivirsen) is the first antisense drug to 
achieve marketing clearance. Vitravene treats a condition 
called cytomegalovirus (CMV) retinitis in people with AIDS. 

ISIS has 14 antisense drugs in clinical trials for indications 
including cancer, cardiovascular, inflammation, Multiple 
sclerosis and diabetes 

2 . Genta ( www.genta.com) 

Genta are currently developing "genesense" for cancer 
treatment and are in a phase II clinical trial (for Melanoma 
and CLL) . 
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3. AVI BioPharma (w ww.avibio.com) 

AVI BioPharma are in a phase I/II clinical trial with an 
antisense molecule for the prevention of restenosis. The also 
have another antisense molecule in phase I for Duchene 
Muscular Dystrophy . 

4 . OncoGenex ( www.oncogenex.com) 

Oncogenex has 5 antisense products in development (OGX-011, 
OGX-427, SN2310, CSP-9222 and OGX-22 3) all of which are 
undergoing clinical trials in cancer (OGX-011 is currently in 
Phase II/III) 

5. Ester Neurosciences (w ww.amarincorp.com) 

Ester Neurosciences are developing antisense molecules for 
the treatment of neurological disorders. They are currently in 
a Phase lib with EN101 (orally available antisense) for the 
treatment of Myasthenia Gravis 

6. Lorus Therapeutics ( www.iorusthera.com) 

Lorus Therapeutics have three antisense products in 
development and LOR 2040 is already undergoing clinical trials 
in cancer (AML) . 

Applicants have also performed a search of the 
PUBMED database using antisense as a search term. This search 
revealed no less than 28,635 hits. A listing of the first 
fifty abstracts identified is attached. 

Finally, Applicants are also providing copies of 
several recent publications describing the use of efficacious 
antisense molecules in vivo. See for example: 



1. Cross-species comparison of in vivo PK/PD relationships for 
second-generation antisense oligonucleotides targeting 
apolipoprotein B-100 

Yu RZ, Lemonidis KM, Graham MJ, Matson JE, Crooke RM, Tribble 
DL, Wedel MK, Levin AA, Geary RS . Biochem Pharmacol. 2008 Nov 
14 . 

2. Regression of prostate cancer xenografts by RLIP76 
depletion. Singhal SS, Roth C, Leake K, Singhal J, Yadav S, 
Awasthi S. 

Biochem Pharmacol. 2008 Nov 25. 

3. Antisense inhibition of ATM gene enhances the 
radiosensitivity of head and neck squamous cell carcinoma in 
mice Zou J, Qiao X, Ye H, Yang Y, Zheng X, Zhao H, Liu 
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J Exp Clin Cancer Res. 2008 Oct 26;27:56. 

4. Enhanced therapeutic effects for human pancreatic cancer 

by application K-ras and IGF-IR antisenseoligodeoxynucleotides 

Shen YM, Yang XC, Yang C, Shen JK. 

World J Gastroenterol. 2008 Sep 7 ; 14 ( 33) : 5176-85 

5. Matrix metalloproteinase-9 Inhibition Down- 

RegulatesRadiation-Induced Nuclear Factor-KB Activity Leading 
to Apoptosis in BreastTumors Kunigal S, Lakka SS, Joseph P, 
Estes N, Rao JS . 

Clin Cancer Res. 2008 Jun 1; 14 ( 11 ): 3617-26 . 

6. Survivin Antisense Oligonucleotides Effectively 
Radiosensitize Colorectal Cancer Cells in both Tissue Culture 
and Murine Xenograft Models Rodel F, Frey B, Leitmann W, 
Capalbo G, Weiss C, Rodel C. 

Int J Radiat Oncol Biol Phys . 2008 May 1;71 (1) : 247-55 . 

Notably, several groups are actively working an antisense 
technologies for down modulating p66Shc. These include 



7. Veeramani et al (Oncogene 24, 7203-7212 (2005). 



8. Wu Z. J Cell. Phys. 209 996-1005 (2006). 



9. Tiberi et al BBRC 342 503-508 (2006). 

10. Nemoto et al J. Biol.Chem. 281 (15) 10555-10560 (2006). 
Copies attached. 

In the Advisory Action, the Examiner asserts that 
references 1-6 were not submitted to the office. A check of 
PAIR however, indicates that all of these references were 
submitted in connection with Applicants' response to the Final 
Official Action. All of these references are being 
resubmitted as evidence refuting the Examiner's contention 
that the art of antisense technology is unpredictable. They 
are not being presented in connection with an information 
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disclosure statement as they do not comprise prior art that is 
relevant to the patentability of applicants claims. 

In view of all the foregoing, Applicants take 
exception to the Examiner's assertion that the present claims 
are not fully enabled by the disclosure in the specification. 
Indeed, once the antisense molecule for the target is 
identified, routine methods are available for administering 
the same to a subject in vivo as are methods for assessing the 
subject for a reduction in symptoms associated with 
arteriosclerosis, ischemic heart disease, lung emphysema, 
myocardial infarction, stroke, premature aging, cell 
senescence, Parkinson's, Alzheimer's, cancers, and vascular 
complications of diabetes- The Examiner has acknowledged that 
Applicants have described an antisense sequence which is 
effective to down modulate production of p66shc protein. 
Administration of the molecule the invention in vivo is well 
within the purview of the skilled person without resort to 
undue experimentation . 

In In re Wands , 8 USPQ2d 1400 (1988) cited by the 
Examiner, the Federal Circuit Court of Appeals held that 
engaging in experimentation to practice a claimed invention 
does not render the disclosure non-enabling as long as the 
experimentation required is not "undue". The Court stated 
that: "The determination of what constitutes undue 
experimentation in a given case requires the application of a 
standard of reasonableness . . . The test is not merely 
quantitative, since a considerable amount of experimentation 
is permissible, if it is merely routine or if the 
specification in question provides a reasonable amount of 
guidance with respect to the direction in which the 
experimentation should proceed." In re Wands , 8 USPQ2d 1400, 
1404 (Fed. Cir. 1988) . 

In the present case, the experimentation necessary is 
merely routine and is inherent in the nature of the art. 
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Therefore, there is no undue burden of experimentation. The 
level of skill in the art of antisense administration is high 
as exemplified by the many citations provided herein, and the 
required techniques for administration of the same are 
familiar to those skilled in this art area. Indeed, the 
endpoints to be assessed for efficacy, i.e., the metabolic 
changes described in Figure 9 and means for assessing the same 
are all disclosed in the specification. 

In view of all the foregoing, it is respectfully 
submitted that the specification wholly enables practice of 
the full scope of the currently claimed methods. 

RESPONSE TO EXAMINER' S REMARKS IN ADVISORY ACTION 

As mentioned above, Applicants note that the Examiner has 
indicated that the present amendment has overcome the 35 
U.S.C. §112, first paragraph rejection based on inadequate 
written description. Applicants strenuously disagree with the 
Examiner's contention that the presently claimed subject 
matter is not fully enabled by the disclosure in the present 
specification. Indeed at page 13, lines 17 to 21 Applicants 
provide three references describing in vivo administration of 
antisense oligonucleotides. Attached for the Examiner's 
consideration is an article entitled "Therapeutic Applications 
of Oligonucleotides" by Stanley T. Crooke. In vivo 
applications of antisense oligonucleotides are described at 
several sections of the reference. See for example page 342 
where various in vivo routes for administration of 
oligonucleotides are described. Enablement must be assessed 
using the teachings in the specification as well as the 
knowledge of those skilled in the art at the time the 
application was filed. Clearly, methods for administering 
antisense oligonucleotides in vivo were known to the skilled 
artisan as evidenced by the teachings of Crooke in 1992. The 
Examiner has acknowledged that Applicants have fully described 
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a functional antisense molecule which down modulates p66Shc 
production. Applicants submit that the skilled person having 
the foregoing before him or her would be readily able to 
practice the present invention over the full scope of the 
claims without undue experimentation. Nothing more is 
required under 35 U.S.C. §112, first paragraph. Accordingly, 
Applicants respectfully request that the rejection of the 
present claims for inadequate enablement be withdrawn. 



It is respectfully requested that the amendments 
presented herewith be entered in this application, since the 
amendments are primarily formal, rather than substantive in 
nature. This amendment is believed to clearly place the 
pending claims in condition for allowance. 

In the event the Examiner is not persuaded as to the 
allowability of any claim, and it appears that any outstanding 
issues may be resolved through a telephone interview, the 
Examiner is requested to telephone the undersigned attorney at 
the phone number given below. 

In the event a fee is required or an overpayment is made, 
the Commissioner is authorized to charge or credit the deposit 
account of the undersigned, Account No. 04-1406. 



CONCLUSION 



Early and favorable action on the present 
application is earnestly solicited. 

Respectfully submitted, 

DANN, DORFMAN, HERRELL AND SKILLMAN 




Katfhleen D. Rigaut,MPh . D. , J.D. 
PTO Registration No. 43,047 



Telephone: (215) 563-4100 



Enclosures 
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ABSTRACT 



The in vivo phaimacokinetics/pharmacodynamics of 2'-0-(2-methoxyethyl) (2'-MOE) mod- 
ified antisense oligonucleotides (ASOs), targeting apolipoprotein B-100 (apoB-100), were 
characterized in multiple species. The species-specific apoB antisense inhibitors demon- 
strated target apoB mRNA reduction in a drug concentration and time-dependent fashion in 
mice, monkeys, and humans. Consistent with the concentration-dependent decreases in 
liver apoB mRNA, reductions in serum apoB, and LDL-C, and total cholesterol were con- 
currently observed in animal models and humans. Additionally, the long duration of effect 
after cessation of dosing correlated well with the elimination half-life of 2'-MOE modified 
apoB ASOs studied in mice (ty 2 = 20 days) and humans (t^ 30 days) following parental 
administrations. The plasma concentrations of ISIS 301012, observed in the terminal 
elimination phase of both mice and monkeys were in equilibrium with liver. The partition 
ratios between liver and plasma were similar, approximately 6000:1, across species, and 
thus provide a surrogate for tissue exposure in humans. Using an inhibitory E max model, the 
ASO liver EC 5 o 8 were 101 ± 32, 119 ± 15, and 300 ± 191 |xg/g of ASO in high-fat-fed (HF) mice, 
transgenic mice containing the human apoB trans gene, and monkeys, respectively. The 
estimated liver EC S0 in man, extrapolated from trough plasma exposure, was 81 ± 122 jig/g. 
Therefore, extraordinary consistency of the exposure-response relationship for the apoB 
antisense inhibitor was observed across species, including human. The cross-species PK/PD 
relationships provide confidence in the use of pharmacology animal models to predict 
human dosing for second-generation ASOs targeting the liver. 

© 2008 Elsevier Inc. All rights reserved. 
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1. 



Introduction 



Applying pharmacokinetic and pharmacodynamic analyses to 
guide and expedite drug development is well recognized and 



has received increasing interest in recent years [1], Although 
these principles are well accepted and widely used for low 
molecular weight drugs and proteins, there have been a 
growing number of reports describing pharmacokinetic and 
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pharmacodynamic relationships with antisense therapeutic 
agents [2-5]. 

The pharmacokinetics of 2'-rnethoxyethyl (2' -MOE) chi- 
meric phosphorothioate antisense oligonucleotides (ASOs), or 
second- generation ASOs, have been described in a number of 
species including man [6-10]. The structure of the second- 
generation ASOs is characterized by five 2'-MOE modifications 
on the ribose sugar at both 5'- and 3' -termini, flanking a 10- 
nucleotide oligodeoxynucleotide gap (5-10-5 2'MOE chimeras) 
with phosphorothioate backbone. Although there are slight 
sequence dependent differences, the pharmacokinetics of the 
second-generation ASOs are remarkably similar and are 
characterized by predictable distribution and prolonged tissue 
elimination (14-30 days) as compared to first-generation 
oligonucleotides. 

Although, ASOs have been shown to be able to work by 
multiple mechanisms once bound to the target RNA [11], all of 
the 2'MOE chimeric ASOs in development have been shown to 
work by forming RNA-ASO duplexes that serve as a substrate 
for RNase H a [12,13]. RNase H a cleaves the RNA to which the 
ASO is bound, resulting in loss of the target RNA and 
eventually the protein, both of which have been measured 
as a direct means of evaluating pharmacodynamic effects. 

Consequently, the ASO prevents the translation of the 
encoded protein product in a highly sequence-specific 
manner. Because of the unique mechanism of action of 
antisense therapeutics, investigations of the pharmacological 
effects of antisense oligonucleotide in vivo have focused 
primarily on target mRNA reduction and the subsequent 
reduction in protein translation and the downstream effects 
resulting from target protein reduction, which are dependent 
on the target studied. Moreover, establishment of the 
correlation between plasma equilibrium concentrations with 
the concentrations at the target sites is pertinent, enabling 
plasma concentrations to be used as a surrogate in clinical 
studies to establish the pharmacodynamics and pharmaco- 
kinetics relationships. Translation of preclinical to clinical PK/ 
PD relationships require predictive pharmacokinetics and 
reliable PD biomarkers that can be assessed in real time. In this 
report, we present data from multiple species for potent 
apolipoprotein B-100 (apoB-100) 2'-MOE chimeric antisense 
compounds that provides both of these prerequisites; pre- 
dictable cross-species pharmacokinetics [9] and reliable 
biomarkers, apoB itself and its related LDL-cholesterol 
particles measured in serum in real time. 

ApoB -100 is the protein component of atherogenic lipids 
and triglycerides, including LDL-cholesterol. ApoB- 100 is 
synthesized and packaged into lipoprotein particles princi- 
pally in the liver of all species [14-16]. Circulating LDL-C, which 
typically constitutes 60-70% of serum cholesterol, is widely 
recognized as a major risk factor for coronary heart disease 
(CHD) and has been implicated in the inflammation associated 
with the pathogenesis of atherosclerosis. Similarly, apoB-100 
is now recognized as a risk factor for atherosclerosis. This led 
to the development of an antisense inhibitor of the molecular 
target, apolipoprotein B (apoB), for use in lowering apoB-100 
and subsequent lowering LDL-C. 

Since the sequence of mRNAs for apoB-100 differs 
depending on the species and 2'-MOE ASOs are highly specific, 
we have used species-specific apoB-100 ASOs to demonstrate 



potent dose- dependent reduction of apoB-100 mRNA and 
protein in the liver of all species tested and concomitant 
reductions in plasma apoB and apoB-100 containing lipopro- 
teins [17,18], Species -specific apoB antisense inhibitors had 
been evaluated in multiple animals species, including mice, 
hamsters, rabbits and monkeys (lean and HF-fed) and it had 
been demonstrated that administration of the apoB-100 
antisense inhibitor produced significant pharmacological 
effects, i.e., significant reductions in mRNA and liver protein 
with concomitant reductions in serum apoB, LDL-C, and total 
cholesterol [18]. All the apoB antisense inhibitors evaluated 
are 20-mer phosphorothioate oligonucleotide with 2'-0-(2- 
methoxy) ethyl (MOE) modification on the 5 nucleotides on 
both 3' and 5' termini. MOE modifications provide enhanced 
resistance to nucleases, a longer target organ half-life, and 
reduced toxicity [19,20]. In addition, these modifications 
increase the affinity of an antisense oligonucleotide for 
complementary target mRNA, resulting in enhanced potency 
and specificity [20-22]. 

ISIS 301012 (Mipomersen), the human specific apoB-100 
antisense inhibitor, is currently in Phase 3 clinical develop- 
ment in familial hypercholesteremia. ISIS 301012 has been 
shown to produce consistent and predictable dose- dependent 
and exposure -dependent reduction in serum atherogenic 
lipids and lipoproteins in human subjects [23-26]. These dose- 
and exposure-response correlations have been demonstrated 
in all clinical subject populations studied to date, including 
healthy volunteers, subjects with mild hypercholesterolemia, 
polygenic hypercholesterolemia subjects on stable statin 
therapy, and homozygous familial hypercholesterolemia 
subjects on stable statin therapy. 

In this paper, we present for the first time remarkable 
cross -species correlates of PK/PD associations at the mole- 
cular level for apoB-100 antisense oligonucleotides. Herein we 
will summarize the pharmacokinetics and pharmacody- 
namics of apoB antisense inhibitors in fat fed mice, transgenic 
human apoB-100 mice, monkeys and humans using species- 
specific apoB antisense inhibitors. The comparisons in 
pharmacodynamics across species provide guidance in selec- 
tion of predictive animal models for the development of future 
antisense oligonucleotides in this chemical class. 



2. Methods and materials 

2.1. Materials and reagents 

2.1.1. Oligonucleotides 

ISIS 147764, ISIS 326358 and ISIS 301012 are 20-nucleotide 
second-generation antisense oligonucleotides targeting apoB 
mRNA in mice, monkeys and humans, respectively. All the 
compounds have MOE modifications at positions 1-5 and 15- 
20 (Table 1). ISIS 13866, a 2'MOE -modified oligonucleotide at 
positions 15-21 (underlined) with a sequence of 5'-GCG TTT 
GCT CTT C TT M CTTG M CG TTT TTT- 3', was used as the internal 
standard for quantitation of ASO in tissues. In addition, all the 
cytosines of the compounds were modified to contain a 5- 
methyl group (5-methyl cytosine, M C). The sequence of the 
binding site in the monkey differs by only two nucleotides in 
the region that binds the 3'-MOE wing. Thus, ISIS 301012 is 
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Table 1 - Testing compounds targeting apoB mRNA across species. 


Isis compound number Species 


Sequence (5' -► '3) 


ISIS 147764 Mouse 
ISIS 326358 Monkey 
ISIS 301012 Human 


GT M C M C M CTGAAGATGT M CAATG M C 

G M C M CT M CAGT M CTG M CTTTA M CA M C M C 

G M C M CT M CAGT M CTG M CTT M CG M CA M C M C 


Underline denotes 2'-0-methoxyethyl-modification. The cytosines in the compounds were modified to contain a 5-methyl group (5-methyl 
cytosine, M C). 



pharmacologically active in the monkey, albeit much lower 
potency than the monkey-specific ASO, ISIS 326358. 

All the studied ASOs were synthesized using an automated 
DNA synthesizer Model 380B (Applied Biosys terns, Inc., Foster 
City, CA) and purified as previously described [22]. The purity 
of the compounds used in this study was >90%. 

2.1.2. Chemicals and reagents 

Tween 20 and phenol:chloroform:isoamyl alcohol 25:24:1 was 
obtained from SIGMA Chemical Co, (St. Louis, MO). Reacti- 
Bind™ NeutrAvidin coated polystyrene 96-well plates and 
SuperBlock TBS Blocking Buffer were purchased from Pierce 
(Rockford, IL). Tris-HCl and Na 2 HP0 4 was obtained from J.T. 
Baker, (Phillipsburg, NJ), NaCl from Fisher Scientific (Fair Lawn, 
NJ), anti-digoxigenin-AP (conjugated with alkaline phospha- 
tase, Fab fragments) was obtained from Roche Diagnostics 
Corporation (Indianapolis, IN). The alkaline phosphatase 
fluorescent substrate AttoPhos® and its reconstitution solu- 
tion were purchased from Promega Life Science (Madison, WI). 

2.2. Animals and treatments 

All animal studies were conducted utilizing protocols and 
methods approved by the Institutional Animal Care and Use 
Committee (IACUC) and carried out in accordance with the 
Guide for the Care and Use of Laboratory Animals adopted and 
promulgated by the U.S. National Institutes of Health. 



/ascicularis; Sierra Biomedical Animal Colony, Sparks, NV) at 
4 mg/kg by 1-h i.v. infusion every other day for 4 doses (1 
week). On Days 7, blood was collected for quantitation of ISIS 
301012 in plasma by peripheral venipuncture into EDTA 
containing vacutainers just prior to dosing and at 1, 2, 4, 8, 24 
and 48 h following i.v. infusion. Following the 4th dose of 
4 mg/kg ISIS 301012, monkeys were euthanized and addi- 
tional plasma samples and liver samples were taken 3, 4, 8, 
16, 32 and 48 days after the fourth dose to assess the 
terminal elimination half-life in plasma and liver (1/sex/time 
point). 

2.2.2.2. High-/at-/ed (HF-/ed) cynomolgus monkeys. The cyno- 
molgus monkeys (M. /ascicularis; Charles River Laboratories 
Animal Colony, Sparks, NV) were fed an HF diet (~43.9% fat, 
21,3% protein, and 35.2% carbohydrate), monkeys for 3 weeks 
prior to treatment and continued throughout the study 
period. Monkey-specific apoB antisense inhibitor, ISIS 326358 
was administered subcutaneously (s.c.) at 5, 10 or 35 mg/kg/ 
week, to monkeys for 5 weeks. The oligonucleotide 
sequences for ISIS 326358 and ISIS 301012 (human apoB 
inhibitor) differ by only two bases. Doses were given on 
alternate days for the first 3 doses (loading) and twice weekly 
thereafter (maintenance). Oligonucleotide concentrations in 
the liver, liver apoB mRN A/protein levels, serum apoB-100, 
total-C, and LDL-C levels were measured at various time 
points. 



2.2.1. Mice 

2.2.1.1. HF-/edC57BL/6mice. Four to 6-week-old male C57BI76 
mice (Charles River Laboratories, Inc., Wilmington, MA) fed a 
HF diet were administered ISIS 147764 5, 25, or 50 mgflcg or 
control ASO at 50 mgflcg intraperitoneally (i.p.), twice weekly 
for 6 weeks. Animals were sacrificed at 48 h and 1,2,4, and 6 
weeks after the last dose. Oligonucleotide concentrations in the 
liver, hepatic apoB mRNA and protein levels, serum apoB-100, 
total-C, and LDL-C levels were measured at each time point 

2.2.1.2. Human apoB expressing transgenic mice. Six- week old 
female human apoB expressing transgenic mice (C57BL/6 
hemizygous for full length human gene-Taconic, Hudson, NY) 
were administered ISIS 301012 at 2.5, 5, 10 and 25 mg/kg or 
control ASO at 25mgflcg i.p., twice weekly for 6 weeks. 
Animals were sacrificed 48 h after receiving the last dose and 
samples collected were measured for hepatic oligonucleotide 
concentrations and human apoB mRNA expression. 

2.2.2. Monkeys 

2.2.2.1. lean cynomolgus monkeys. ISIS 301012 was adminis- 
tered to male and female cynomolgus monkeys (Macaca 



2.2.3. Humans 

Healthy human volunteers received ISIS 301012 as a 2-h i.v. 
infusion and s.c. injections at doses that ranged from 50 to 
400 mg [9,26] in a Phase I clinical study. Briefly, 29 healthy 
volunteer subjects in this study received either 50 mg (n = 8), 
100 mg (n = 8), 200 mg (n = 9), or 400 mg (n = 4) per dose day; 
seven subjects received placebo. The multiple-dose (MD) 
period consisted of three i.v. infusions (on Days 1, 3 and 5) over 
2 h every other day during the first week, followed by once 
weekly s.c. injections for 3 weeks (total of 6 doses over 22 days 
on Days 8, 15 and 22). Intensive pharmacokinetic blood 
sampling occurred for 24 h following the first i.v. dose (at 0, 
0.5, 1, 2, 2.25, 2.5, 3, 4, 6, 8, and 24 h), and again following the 
last s.c. dose (at 0, 0.5, 1, 1.5, 2, 3, 4, 6, 8, 12 and 24 h). 
Additionally, trough blood samples for determination of 
elimination half-life were collected at 3, 17, 33, 47, 61, 75 and 
89 days after the last s.c. dose. Serum lipoprotein and 
cholesterol profiling was performed after fasting at pre-dose 
on Days 1, 8, 15, and 22 and during all the follow-up time 
points. Selected pharmacokinetic and pharmacodynamic 
data from the Phase I study are included in this report to 
compare with preclinical data. 
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2.3. Methods 

2.3.1. Sample extraction and analysis 0/ oligonucleotide 
concentrations in liuer 

liver samples from mice and monkeys were analyzed using a 
quantitative capillary gel electrophoresis method which is a 
variation on the method reported previously [27]. The assay 
was validated for precision, accuracy, selectivity, sensitivity 
and stability of ISIS 301012 in liver tissues. Quantitation of the 
other species -specific apoB antisense inhibitors in liver were 
qualified but not fully validated. These analyses were 
conducted at Southwest Bio-Labs (Las Cruces, NM) and Isis 
Pharmaceuticals, Inc. (Carlsbad, CA). Briefly, liver samples 
were weighed, homogenized in a Bio Savant (Bio 101, Inc., 
Vista, CA) and then the material was extracted as described 
[27] with the exception that a phenyl-bonded SPE column 
(Supelco Inc., Bellefonte, PA) was used. An internal standard 
(ISIS 13866, a 27-mer 2'-0-methoxyethyl modified phosphor- 
othioate oligonucleotide) was added prior to extraction. 
Extracted samples were analyzed by CGE using a Beckman 
P/ACE Model 5010 capillary electrophoresis instrument (Beck- 
man Instruments, Irvine, CA) with UV detection at 260 nm. 
The limit of quantitation for this assay has been estimated to 
be 1.52 jjig/g oligonucleotide in liver. 

2.3.2. Analysis 0/ oligonucleotide concentrations in plasma 
Plasma samples in mice, monkeys and humans were analyzed 
using a quantitative, sensitive hybridization ELISA method 
which is a variation on the method reported previously [28]. 
The assay was validated for precision, accuracy, selectivity, 
sensitivity and stability of ISIS 301012 in plasma. Quantitation 
of the other species -specific apoB antisense inhibitors in 
plasma were qualified but not fully validated. Plasma sample 
analyses were conducted at PPD Development (Richmond, VA) 
and Isis Pharmaceuticals, Inc. (Carlsbad, CA). The assay 
conducted with synthesized putative shortened oligonucleo- 
tide metabolite standards showed no measurable cross - 
reactivity confirming the assays specificity for the parent 
oligonucleotide. The lower limit of quantitation (LLOQ) was 
determined to be 1.52 ng/mL. 



samples, apoB levels were determined by an immunoturbi- 
metric method (MDS PharmaServices, Belfast). Total choles- 
terol, LDL-C, HDL-C and triglycerides were measured using 
standard enzyme based colorimetric assays (MDS Pharma- 
Services, Belfast; and LipoScience, Raleigh, NC) [26]. 

2.3.5. Pharmacokinetic analysis 

Both compartmental and non-compartmental analysis meth- 
ods were used for pharmacokinetic characterization of the 
plasma concentration data (WinNonlin 4.0 or 5.0, Pharsight 
Corporation, Mountain View, CA). First-order elimination rate 
constants for apoB antisense inhibitors in plasma or liver were 
calculated using non-compartmental nonlinear regression of 
the decay curves for plasma or liver. Half-life was calculated 
by dividing 0.693 by the first-order elimination rate. In 
animals, the elimination of apoB antisense inhibitors from 
liver was measured directly, and the liver concentration-time 
data were analyzed using a non-compartmental model. 

2.3.6. Pharmacodynamic analysis 

The relation between apoB mRNA, serum apoB reductions and 
liver concentrations or plasma trough concentrations of ASOs 
was characterized using a pharmacodynamic model. ApoB 
mRNA levels following apoB antisense inhibitor treatment 
were normalized with the ApoB mRNA levels from control 
animals (treated with saline): 



£ _ mRNAtreatment x ^qq 
mRNAcontroi 



(1) 



Similarly, serum apoB levels following ASO treatment were 
normalized with the baseline serum apoB levels of the same 
animal or subject. 

The relationship between inhibitory activity of apoB mRNA 
or serum apoB (E) and liver concentrations or plasma trough 
concentrations of ASOs was best described by adopting an 
inhibitory sigmoidal model: 



E-E 0 - 



EC" 0 + C n 



(2) 



2.3.3. RNA isolation and RT-PCR analysis 

Total RNAs were extracted from liver samples using the 
RNeasy kit (Qiagen, Santa Clarita, CA). RT-PCR analysis was 
performed using a Prism 7700 Sequence Detector (Applied 
Biosystems, Inc., Foster City, CA). The species-specific primer 
probe sets for apoB quantitation were used and values were 
normalized to glyceraldehyde-3 -phosphate dehydrogenase 
(G3PDH) and/or Ribogreen levels. 

2.3.4. Lipid and lipoprotein analysis 

Serum lipoprotein cholesterol in animal studies was analyzed 
using a Beckman System Gold 126 HPLC system, with 126 
photodiode array detector (Beckman Instruments; Fullerton, 
CA) on a Superose 6 HR 10/30 column (Pfizer; Chicago, IL). 
VLDL, LDL, and HDL fractions were measured at a wavelength 
of 505 nm and validated with a cholesterol calibration kit 
(Sigma). For each experiment, a three -point standard curve 
was performed in triplicate to determine the absolute 
concentration of each lipoprotein fraction [18]. For clinical 



where E 0 is the baseline level; Emax is the maximum reduction 
of apoB mRNA; EC 50 is the concentration of ISIS 301012 
required for half-maximal reduction of apoB mRNA; C is liver 
concentrations or plasma trough concentrations of ASOs; and 
n is the sigmoidicity factor. 



3. Results 

3.1. Pharmacokinetics 

The clearance of apoB ASOs from tissues was slow in all 
species studied. The elimination half-life for the mouse- 
specific apoB antisense inhibitor, ISIS 147764 in mouse liver 
was 20 days, while the elimination half-lives for ISIS 301012 
were 24 and 34 days in mice and monkeys, respectively 
(Table 2). Elimination half-life was not determined for ISIS 
326358 because ISIS 326358 is a monkey-specific apoB inhibitor 
and is not going to be developed for use in humans. The 



■ixsp-Qaiiie©^ ssfe <sif a® /^pyjQL£ IN PRESS 



BIOCHEMICAL PHARMACOLOGY XXX (20O8) XXX-XXX 



Table 2 


- Estimated elimination half-life (in days) of apoB ASOs 


in mice, monkeys and man. 




Species 


Compound 


Dose 


Elimination half-life (days) 
Plasma Liver 


Liver/plasma trough 
concentration ratio 


Mouse 
Mouse 
Monkey 
Human 


ISIS 147764 
ISIS 301012 
ISIS 301012 
ISIS 301012 


25 mg/kg 
2.5-25 mg/kg 
4 mg/kg 

200 mg (~2.7 mg/kg) 


NA 20 
NM 24 a 
31.3 ± 0.3 b 34 b 
31±ll c NA 


NM 

5861 ± 2342 
5825 ± 2882 
NM 


NA = not applicable; NM = not measured. 
8 Measured in CD-I mice (internal data). 

b Animals received 30 mg/kg/week doses of ISIS 301012 for 1 year. For determination of plasma elimination half-life, plasma samples were 
collected at various time points up to 182 days after last dose (n = 3). 
c Data presented are mean ± standard deviation (n = 8). 





monkey study with ISIS 326358 was to demonstrate pharma- 
cology and evaluate target knock down-related toxicities. The 
plasma concentration-time profile for ISIS 301012 was multi- 
phasic with a rapid distribution phase and at least one 
additional much slower elimination phase (Fig. 1). The plasma 
concentrations of ISIS 301012 observed in the terminal 
elimination phase in monkeys represent ISIS 301012 that is 
in equilibrium with liver (Fig. 1) as well as other tissues and 
thus, equilibrium plasma concentrations provide a measure of 
tissue elimination rate. Because such a high fraction of the 
administered dose is retained by the liver and kidney, the 
majority of the oligonucleotide in circulation at equilibrium 
should be proportional to the concentrations in those tissues. 
Indeed, the elimination half-life of ISIS 301012 studied in 
monkey liver of approximately 30 days was very similar to the 
elimination half-life observed in monkey plasma, as well as in 
human plasma (Table 2). Moreover, a similar partition ratio of 
ISIS 301012 between liver and plasma at equilibrium was 
observed across species, and was 5861 and 5825 in mice and 
monkeys, respectively (Table 2). Therefore, it is reasonable to 
assume this liver to plasma partition ratio at equilibrium in 
humans would be similar, thus providing a surrogate for liver 
exposure in the clinic. Taken together, these results suggest 
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Fig. 2 - Best fit inhibitory effect Emax model of ApoB mRNA 
levels in liver as a function of liver concentrations of ISIS 
147764 in HF-fed mice. Each data point represents a single 
animal (n = 48). Solid lines represent predicted apoB mRNA 
levels using nonlinear regression. 
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Fig. 1 - Post-distributional phase plasma and liver 
concentrations of ISIS 301012 in monkeys. Each tissue 
data point represents average concentrations in two 
animals. Note that both plasma and tissue concentrations 
decay similarly over time following cessation of 
intravenous administration. 



that the pharmacokinetic behavior of ISIS 301012 in animals is 
predictive of that in man. 

3.2. Pharmacodynamics of ApoB ASO inhibitors in 
various species 

ApoB antisense inhibitors act as antagonists to apoB-100 mRNA 
expression. To elicit their effect on mRNA, they must by 
definition gain access to the target cell, in this case the 
hepatocyte. ApoB antisense inhibitors bind to apoB mRNA via 
Watson-Crick hybridization to form RNA-DNA duplex, subse- 
quently, RNases H cleave apoB RNA strand of the duplex [12,13]. 
Therefore, the relationships between liver apoB mRNA levels to 
ASO concentrations in the liver can be described by a typical 
sigmoidal inhibitory effect Emax model after administration of 
apoB-100 ASOs in animals. The obtained ECso in high-fat-fed 
mice administered ISIS 147764 was 101 ± 32 jig of ISIS 147764 
per gram of liver (Fig. 2). Furthermore, the duration of effect was 
correlated with the tissue elimination half-life from liver (tv 
2 = 20 days) in this model (Fig. 3). Approximately 8 weeks after 
cessation of treatment, apoB mRNA levels had returned to their 
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Fig. 3 - Pharmacokinetic/pharmacodynamic relationship of 
ISIS 147764 in mouse liver following 6 weeks of treatment 
with mouse specific ApoB antisense oligonucleotide ISIS 
147764 (error bars representing standard deviation, n = 3). 
Solid lines represent predicted concentrations in liver 
using nonlinear regression. 



pre -dose levels in mice. Similarly, in the human apoB transgenic 
mouse model, the relationship between human apoB hepatic 
mRNA expression and concentrations of ISIS 301012 in the 
mouse liver and in trough plasma (CmuJ was observed with 
estimated EC 50 of 119 ± 15 p.g/g in liver and 18 ± 4 ng/mL in 
plasma (Fig. 4, Table 3). The ratio of the EC 50 in liver to plasma 
was consistent with the partition ratio of ISIS 301012 between 
liver and plasma at equilibrium (Tables 2 and 3). The apoB 
mRNA reductions in human transgenic mice treated with 
human specific ISIS 301012 were specific for human apoB 
mRNA, as no change in murine apoB mRNA was observed in this 
model (Fig. 5). Additionally, in these animals, the reduction in 
hepatic apoB mRNA also produced corresponding reductions in 
liver apoB protein, serum apoB, LDL-C, and total cholesterol 
(data not shown). In all experiments, control ASOs had no effect 
on apoB mRNA in the liver, indicating that inhibition of apoB 
expression was both target- and sequence-dependent. 

The liver EC S0 determined in high-fat-fed monkeys was 
300 ± 191 jig/g of species-specific apoB ASO (ISIS 326358) per 
gram of liver (Table 3, Fig. 6a). Although the estimate of ECso was 
two-fold higher when compared to the EC 50 measured in mice, it 
is not possible to assign a real difference because of the large 
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Fig. 4 - Best fit inhibitory effect Emax model of ApoB mRNA 
levels in liver as a function of liver concentrations of ISIS 
301012 (a) or plasma trough concentrations of ISIS 301012 
(b) in human ApoB transgenic mice. Each data point 
represents a single animal (n = 20). Solid lines represent 
predicted apoB mRNA levels using nonlinear regression., 



standard error associated with the estimates. Treatment with 
ISIS 326358, the monkey-specific ASO, produced a dose- and 
liver concentration-dependent decrease in liver apoB mRNA, 
with the corresponding downstream effects, such as serum 
apoB (Fig. 6a and b) and LDL-C following 5 weeks of treatment at 
doses ranging from 5 to 33 mg^kg/week. Indeed, by the end of 



Table 3 - In vivo pharmacodynamics of ApoB antisense inhibitors across species. 



Species Isis compound 

number 


Liver EC 50 (ng'g) 
(estimate ± SE) 


Plasma EC 50 (ng/mL) 
(estimate ± SE) 


Mouse ISIS 147764 
Human ApoB transgenic mouse ISIS 301012 
Monkey ISIS 326358 
Human 3 ISIS 301012 


101 ± 32 
119 ± 15 
300 ± 191 
81±122 b 


NM 
18±4 
52 ± 33 b 
14 ±21 


SE = standard error of the estimate; NM = not measured. 

a Phase 1 healthy volunteer study. 

b A liver/plasma partition ratio of 5800 was used. 
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Treatment 

Fig. 5 - Lack of inhibitory effects of control ASO (ISIS 
141923) and ISIS 301012 treatment on mouse ApoB-100 
mRNA in human apoB transgenic mice following 6 weeks 
of treatment administered twice a week (error bars 
representing standard deviation, n = 4). 



treatment, the mean reduction in serum apoB and LDL-C ranged 
from 39% to 60% and 46% to 71%, respectively. 

The exposure-response relationships were ultimately 
studied in human volunteer subjects administered ISIS 
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Fig. 6 - Best fit inhibitory effect model of ApoB mRNA 
levels in liver as a function of liver concentrations of ISIS 
326358 (a) and serum ApoB levels as a function of liver 
concentrations of ISIS 326358 in HF-fed monkeys (b). Each 
data point represents a single animal (n = 24). Solid lines 
represent predicted apoB mRNA levels using nonlinear 
regression. 
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Fig. 7 - Best fit inhibitory effect Emax model of serum ApoB 
(%baseline) as a function of plasma trough concentrations 
of ISIS 301012 measured at the end of treatment (on MD25) 
in healthy human volunteers. Each data point represents 
an individual volunteer subject (n = 33). Solid lines 
represent predicted apoB mRNA levels using nonlinear 
regression. 



301012 in a Phase 1 study in healthy volunteers with mildly 
elevated LDL-C. ISIS 301012 demonstrated dose- dependent 
exposure/responses as measured by reductions in both serum 
apoB and LDL-C [26]. Because ISIS 301012 concentrations in 
human liver cannot be directly measured easily, the correla- 
tion between plasma and liver drug concentrations measured 
in preclinical models was utilized to estimate the levels of ISIS 
301012 in the livers of human subjects (Table 3). 

The disposition relationship between ASO plasma trough 
levels and liver levels were the same as observed in preclinical 
animal models which led us to determine the relationship 
between serum apoB levels and plasma trough levels in man. 
The relationship between serum apoB levels and plasma 
trough concentrations of ISIS 301012 were effectively 
described with a sigmoidal inhibitory effect model using 
the data collected on PD14 (17 days after last treatment). The 
estimated trough plasma concentration that produced 50% of 
maximum effect (EC 50 ) and predicted liver concentrations, 
were 14 ng/mL (Table 3, Fig. 7). This plasma level corresponds 
to an estimated liver exposure of approximately 81 jig/g. 

The duration of effects on apoB and related lipids in plasma 
following cessation of treatment was highly correlated with 
the slow elimination of ISIS 301012 (Fig. 8). For example, 
significant reduction (p < 0.02) of serum apoB levels from 
baseline for the 200-mg treatment cohort was achieved for up 
to 75 days after last dose, consistent with the slow elimination 
of ISIS 301012 (elimination t-u 2 of approximately 31 days) 
(Table 2). Therefore, the pharmacologic effects were pro- 
longed, consistent with the long tissue half-life of the drug. 



4. 



Discussion 



Because the direct pharmacological response of antisense 
therapeutics is target mRNA reduction, establishment of the 
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Fig. 8 - Prolonged exposure-response relationships between ISIS 301012 trough plasma concentrations and serum ApoB 
levels (%baseline) with time in human healthy volunteers during and following six (6) doses of ISIS 301012 at 200 mg per 
injection. Trough plasma concentrations of ISIS 301012 were measured at >72 h from last dose. Data presented are 
mean ± standard error. Arrows represent dosing times. Last dose was administered on Day 22. 



correlation of target organ concentration and target mRNA 
reduction is most widely used in studying the pharmacoki- 
netic/pharmacodynamic relationships of antisense oligonu- 
cleotides in animal models. The pharmacological effect of 
antisense inhibitors occurs in cells when the antisense 
inhibitor binds to its cognate mRNA and the RNA strand of 
the heteroduplex is degraded by RNase H [13]. RNase Hi 
cleavage is very rapid, occurring within minutes [13]. There- 
fore, a direct response pharmacodynamic model was used to 
describe the liver concentration (exposure) relationship with 
liver apoB mRNA expression (response) in all species. 

We have previously reported that the pharmacokinetics of 
ISIS 301012 in monkeys is predictive for man on the basis ofbody 
weight. Thus a dose of 2 mj^kg ISIS 301012 in the monkey 
results in similar plasma concentrations at the same dosage 
(2mg/kg) in man [9]. It is this remarkable similarity in 
pharmacokinetics across species that allows for the prediction 
of exposure from animals models and further, based on these 
studies across species, allows prediction of response in humans 
from the preclinical models. Additionally, the lack of impact of 
mode of parenteral administration on the ultimate tissue 
pharmacokinetics independent of species has been established 
for multiple antisense oligonucleotide molecules in this 
chemical class [8,9,29,30] as well as for ISIS 301012 [9]. The 
predictive pharmacokinetic behavior of these molecules, 
independent of there sequence, has been shown in these 
published accounts to be primarily a consequence of their 
common biopharmaceutical and physical chemical properties. 

Similarities in the pharmacodynamics and potency of apoB 
antisense inhibitors between species were observed for the 
apoB-100 ASOs, including mice (both wild type and human 
transgenic), monkeys, and humans. The observed similarities 
in pharmacodynamics across species related to the previously 
observed similarities in pharmacokinetics for ASOs across 
species [10,31-33]. Peak plasma concentrations of the anti- 
sense oligonucleotides like ISIS 301012 do not correlate with 
drug effect as the effect is post-distribution and intracellular, 
not in the plasma compartment. This is unlike small 



molecules and protein therapeutics where plasma concentra- 
tions (C max or AUC) directly correlate the drug response [34-37] 
due to either a rapid equilibrium with intracellular compart- 
ments or direct effects occurring in the circulation, Antisense 
oligonucleotides rapidly and extensively transfer from plasma 
to tissues following parenteral administrations. However, 
distribution to the ultimate site of action within the cells of 
interest takes hours with maximum activity seen 24-48 h after 
administration [38]. Since the site of activity for the antisense 
oligonucleotides is intracellular, ASO drug effects are closely 
related with target tissue concentrations only after distribu- 
tion from circulation [2-5,33]. Thus, the plasma concentra- 
tions of ASO observed in post-distribution phase (plasma 
trough ASO concentration) represent the ASO that is in 
equilibrium with target tissue. Because tissue concentrations 
in human are not usually accessible, establishing the relation- 
ship of plasma trough concentration of ASOs with target tissue 
concentrations (liver) is required to provide a surrogate of 
target tissue drug exposure. As shown in mice and monkeys, 
plasma trough concentrations directly correlated with target 
organ (liver) concentrations with similar partition ratios. This 
similarity across species provides confidence that similar 
relationships may exist for humans. It is this relationship that 
was used to estimate human liver concentrations based on 
measured plasma trough levels in human clinical trials. 
Comparison of the measured trough plasma EC S0 values in 
humans ultimately confirmed that data generated in animal 
models are predictive of the potency of the human apoB 
antisense inhibitor (ISIS 301012). Because the mechanism of 
action and ADME characteristics are similar for other ASOs in 
the same chemical class as ISIS 301012, these data further 
provide confidence in the use of preclinical models for 
prediction of clinical effect for other ASOs. 

The strength of the human volunteer data has been 
extended to hypercholesteremic subjects in multiple Phase 
2 studies. Consistent with the Phase I healthy volunteer study, 
similar exposure-response relationships in patients with 
hypercholesterolemia, either used alone or when co-adminis- 
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tered with statins, had been demonstrated in several Phase II 
studies [23-25]. 

ISIS 301012 has a long tissue half-life in animals and 
humans. The elimination half-lives observed in monkeys 
were highly predictive of the half-lives measured in humans 
(greater than 30 days). Consistent with the long elimination 
half-life of ISIS 301012, it had a long duration of action in lipid 
lowering effect. Based on the long half-life coupled with the 
duration of action of ISIS 301012, current dosing regimens 
being evaluated in clinical development involve once weekly 
s.c. injection. Furthermore, the excellent relationship of 
trough plasma levels to apoB-100 and other downstream 
effects allows for the design of more complex PK/PD models. 
As clinical experience with this compound grows, develop- 
ment of predictive population models that further incorpo- 
rate demographic or physiologic covariates should be 
possible. The use of these models in clinical trial planning 
and design has been widely adapted in novel drug develop- 
ment strategies and shown to greatly expedite drug devel- 
opment process [39]. 

In conclusion, these data demonstrated that apoB anti- 
sense inhibitors have consistently exhibited exposure-depen- 
dent reduction on liver apoB mRNA, as well as the 
downstream effects such as serum apoB, LDL-C and total 
cholesterol in multiple preclinical models and human. The 
exposure-response relationships in HF-fed mice using the 
mouse-specific apoB antisense inhibitor, ISIS 147764, in 
human apoB transgenic mice using human-specific apoB 
antisense inhibitor, ISIS 301012, and monkeys using monkey- 
specific apoB antisense inhibitor, ISIS 326358, were predictive 
of the effects of ISIS 301012 in man. The long duration of action 
of apoB antisense inhibitors in animals and humans is 
consistent with the prolonged tissue half-lives. These favor- 
able PK/PD properties for apoB antisense inhibitors provide 
guidance for clinical development and appear to support 
infrequent dose administration. 
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Abstract 

Background: Treatment failure after radiotherapy of head and neck squamous cell carcinoma 
(HNSCC) could be a significant problem. Our objective is to sensitize SCCVII cells to ionizing 
radiation in vitro and in vivo through inhibiting ATM expression using antisense 
oligodeoxynucleotides (AS-ODNs), and investigate the potential mechanism of radiosensitization. 

Methods: We designed and synthesized AS-ODNs that target ATM mRNA to reduce the ATM 
expression. The influence on the expression of ATM mRNA and protein in SCCVII cells were 
analysed by real-time quantitative PCR and western blotting respectively. Clonogenic survival assay 
was performed to detect the survival ability of SCCVII cells after irradiation, while flow cytometry 
used to analyse the cell cycle and apoptosis. The volume of solid tumors generated with SCCVII 
cells was measured, and cell apoptosis was analysed by TUN EL assay after irradiation. 

Results: The relative ATM mRNA and protein expression in SCCVII cells treated with ATM AS- 
ODNs were decreased to 25.7 ±3.1% and 24.1 ± 2.8% of that in untreated cells respectively (P < 
0.05). After irradiation, the survival fraction (SF) of cells treated with ATM AS-ODNs was lower 
than that of other groups at the same dose of radiation (P < 0.05), while the percentage of cells in 
G2/M phase decreased and apoptotic rate of cells increased(P < 0.05). The inhibition rate in SCCVII 
cells solid tumor exposed to X-ray alone was 23.2 ± 2.7%, while it was 56.1 ± 3.8% in the group 
which irradiated in combination with the treatment of ATM AS-ODNs (P < 0.05). The apoptotic 
index for the group irradiated in combination with ATM AS-ODNs injection was 1 9.6 ± 3.2, which 
was significantly higher than that of others (P < 0.05) 

Conclusion: Inhibition of ATM expression sensitized SCCVII cells to ionizing radiation in vitro and 
in vivo. The potential mechanism should be the defective G2/M cell cycle checkpoint control and 
enhanced radiation-induced apoptosis. 
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Background 

Despite advances in surgical treatments, radiotherapy is 
superior in its ability to preserve function and appearance 
in the treatment of head and neck squamous cell carci- 
noma (HNSCC). But some kinds of HNSCC are refractory 
to ionizing radiation, which results in the low effective- 
ness of radiotherapy alone[l,2]. SCCVII cell line, is a 
spontaneously arising head and neck squamous carci- 
noma cell line from syngeneic C3H/HeJ mice[3]. An oral 
cancer murine model using the SCCVII cell line shares 
characteristics such as initial locoregional tumor invasion, 
direct extension into the neck, and early cervical metas- 
tases with human head and neck tumors[4]. So SCCVII 
cell line could be a good object to study the biological 
behavior of HNSCC. 

One strategy to improve the effectiveness of radiotherapy 
is augmenting of tumour radiosensitivity[5]. In the latter 
study, SCCVII cells were found to be resistant to ionizing 
radiation. The cytotoxicity of ionizing radiation is mainly 
mediated through the generation of DNA-double strand 
break (DSB) as evidenced by the pronounced radiosensi- 
tivity of cells and organisms defective in the machinery of 
DSB repair[6-8]. Thus, inhibition of DSB repair provides a 
mechanism to enhance the cytotoxicity of IR in tumour 
cells. The ataxia-telangiectasia mutated (ATM) protein 
kinase is a critical component in these pathways and inte- 
grates the cellular response to damage by phosphorylating 
key proteins involved in cell cycle regulation and DSB 
repair [9, 10]. Lack of the normal ATM function in the 
inherited ataxia telangiectasia (AT) syndrome results in 
the profound hypersensitivity to ionizing radiation[ll- 
13]. As mentioned elsewhere p53-wild-type cell lines with 
dysfunctional ATM, when irradiated, either show a lack of 
or delayed activation of p53, resulting in a defective Gl/S 
cell-cycle checkpoint! 14], However, in p53 mutated cell 
lines, disruption of ATM resulted in defective G2/M check- 
point control, radio-resistant DNA synthesis, retarded cell 
proliferation and enhanced radiosensitivity[15,16]. 
Therefore, we manage to examine whether reduction of 
ATM expression after antisense oligodeoxynucleotides 
(AS-ODNs) treatment would result in enhanced radiosen- 
sitivity of p53-mutated SCCVII cells from C3H/He mice 
through the aberrant G2/M checkpoint. 

Methods 

Reagents 

RPMI-1640 media and 10% heat-inactivated fetal bovine 
serum (FBS) were purchased from Gibco Company (Egg- 
enstein, Germany). Lipofectamine 2000, Opti-MEM 
medium and Trizol kit were bought from Invitrogen Com- 
pany( Carlsbad, CA, USA). SYBR ExScript RT-PCR Kit and 
SYBR Green Master Mix were purchased from Takara Bio- 
technology Company (Dalian, China). ATM monoclonal 
antibodies was bought from Santa Cruz Biotechnology 



(Santa Cruz, CA, USA), and P-actin monoclonal antibod- 
ies from Sigma (St Louis, MO, USA). BCIP/NBT alkaline 
phosphatase substrate kit IV was purchased from Vector 
laboratories (Burlingame, CA, USA). TUNEL apoptosis 
detection kit was bought from Roche Company (Shang- 
hai, China) 

Cell lines and mice 

SCCVII cell line was generously obtained from the labora- 
tory of gene therapy at Johns Hopkins University. SCCVII 
cells were cultured in complete RPMI-1640 media con- 
taining 10% heat-inactivated FBS, 2 mM L-glutamine, 100 
IU/mL penicillin, 100 ug/mL streptomycin. Cells were 
cultured as a monolayer at 37° C in a humidified atmos- 
phere containing 5% CO 2. Female C3H/He mice, aged 6- 
8 weeks, weighing 18-22 g, were obtained from Vital 
River Laboratories (Beijing, China) and were maintained 
in the animal facility at West China Medical School, 
Sichuan University in accordance with nation's related 
regulations and animal welfare requirements. 

Synthesis of oligodeoxynucleotides(ODNs) and selection 
of target sequences 

A 25-mer AS-ODN which was previously reported to 
inhibit ATM expression in mouse cerebrovascular 
endothelial cells[17], and its associated controls, sense 
(Sen) and mismatch (Mis) ODNs, were synthesized by 
Shanghai Sangon Biological Engineering Technology & 
Services (Shangai, China). The sequences were as follows: 
AS, 5 ' - GTGCTAGACTCATG GTTTAAG ATTT-3 ' ; Sen, 5'- 
AAATCITAAACCATGAGTCTAGCAC-3 1 and Mis, 5'- 
CCCCAGCAGCTCCCATTGGGCGTAA-3 ' . All the ODNs 
were chemically modified to phosphorothioate ODNs by 
substituting the oxygen molecules of the phosphate back- 
bone with sulfur. 

Transfection of ODNs in SCCVII cells 

SCCVII cells at a density of 5 x io 4 cells/ml were plated for 
overnight incubation. Cells were maintained in RPMI- 
1640 medium supplemented with 10% FBS at 37 °C and 
5% C02. After grew to 80%-90% fill, cells were replen- 
ished with incompleted RPMI-1640 medium, then treated 
with ATM AS-ODNs, ATM Sen-ODNs and Mis-ODNs. The 
procedures were as follows: 200 nM of ATM AS-ODNs, 
Sen-ODNs, Mis-ODNs and 2 mg/ml Lipofectamine 2000 
were added to Opti-MEM medium separately, and incu- 
bated for 5 min at room temperature. Then liposome and 
ODNs were mixed together respectively and incubated at 
room temperature for 20 min. SCCVII cells were washed 
again with Opti-MEM medium before transfection. The 
liposome ODNs complexes were carefully plated on the 
cells, and incubated at 37° C, 5% C02. After 6 hours trans- 
fected cells were washed twice with PBS, the medium was 
replaced with fresh RPMI-1640 medium supplemented 
with 10% FBS, cells were incubated at 37 °C overnight. A 
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second ODNs incubation was performed before cells were 
exposed to radiation. 

Real-time quantitative PCR analysis 

Total RNAs were extracted from cultured SCCVII cells 
using Trizol reagent according to the manufacture's proto- 
col. RNA concentration and purity were determined on a 
UV spectrophotometer (BioRad Inc., Hercules, CA, USA) 
by the 260 nm absorbance and 260-280 nm absorbance 
ratio, respectively. Synthesis of cDNA was conducted 
using SYBR ExScript RT-PCR Kit according to manufac- 
turer's instructions. Real-time quantitative RT-PCR for the 
ATM mRNA was performed on an ABI PRISM 7300 
Sequence Detection System (Applied Biosystems, Foster 
City, CA, USA) using SYBR Green Master Mix. For normal- 
ization the gene GAPDH was used. Final reaction volume 
is 25 ul Cycling conditions were as follows: initial dena- 
turation at 95° C for 10 s, followed by 40 cycles of 95 °C 
for 5 s and 59 °C for 31 s. Each measurement was per- 
formed in triplicate. The gene expression levels obtained 
were normalized by mRNA expression of GAPDH. The 
relative mRNA expression was then presented in relation 
to the untreated control group. All oligonucleotide prim- 
ers were designed and synthesized by Sangon (Shanghai, 
China). The primer sequences are listed as follows: ATM, 
forward, 5 '-CCAGGGGAAGATGATGAAGA-3 ' reverse 5'- 
CTACAATGAGCTGCGTGTGG-3'; GAPDH, forward,5'- 
CCTCAAGATTGTCAGCAAT-3 ' reverse, 5'-CCATC- 
CACAGTCTTCTG AGT- 3 ' . 

Western blot analysis 

Total proteins extracted from SCCVII cells were separated 
on 10% or 15% SDS-polyaaylamide gels. Fifty micro- 
grams each of the preparations were fractionated by 
12.5% SDS-PAGE and transferred to nitrocellulose mem- 
brane (Millipore, Bedford, MA). The membrane was 
blocked with 3% milk powder in PBS at room tempera- 
ture for 3 hours, washed with TBS (PBS containing 0.1% 
Tween-20) for 10 min three times, then incubated with 
the ATM monoclonal antibodies (1:1000 dilution) or p- 
actin monoclonal antibodies (1:2000 dilution) in TBS 
containing 1% milk powder at 4°C overnight. After three 
washes with TBS, the membrane was incubated with alka- 
line phosphatase-labeled anti-mouse IgG antibody in TBS 
containing 1% milk powder at room temperature for 3 
hours and washed again with TBS three times. The mem- 
brane was briefly equilibrated with PBS and visualized 
with the BCIP/NBT alkaline phosphatases substrate kit IV. 
Reactive bands were scanned by Gel Doc 1000 (Bio-Rad). 
The experiment was repeated three times. 

Irradiation 

ELEKTA Precise radiation system (Elekta, Sweden) was 
used to irradiate cells and solid tumor. X-ray irradiation 
was performed at room temperature at a dose rate of 200 
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cGy/min and equipped with an external 0.5-mm copper 
filter. 

Clonogenic survival assay 

The SCCVII cells were seeded in triplicate at limiting dilu- 
tions in 6-well plates for about 24 hours in RPMI-1640 
medium supplemented with 10% FBS until attached. 
Then the cells were transfected with ATM AS-ODNs, ATM 
Sen-ODNs and Mis-ODNs respectively. About 18 hours 
after transfection, they were irradiated with different doses 
of X-ray radiation(0, 2, 4, 6, and 8 Gy) respectively. The 
medium was replaced with a fresh one 24 hours after irra- 
diation. After 7 days of incubation, the colonies were fixed 
with methanol, stained with 0.5% crystal violet in abso- 
lute ethanol and colonies with >50 cells were counted 
under dissection microscope. In each irradiation dose 
group, surviving fraction (SF) of cells was calculated as 
plating efficiency of the irradiated cells divided by the 
plating efficiency of the irradiated cells by that of the 
untreated control. 

Cell cycle and apoptosis analyzed by flow cytometry 

After 48 hours exposed to 2 Gy radiation, cells were har- 
vested, and centrifuged at 1500 rpm for 2 min. Then cells 
were washed with PBS twice, and fixed with 70% icy-cold 
ethanol at 4°C overnight. Cells were stained with PI at 
4°C for 30 min. Cell cycle progression and apoptotic rate 
were analyzed by flow cytometry (Elite ESP, Beckman 
Coulter, USA). 

Animal experiment of radiosensitization 

Female C3H/He mice were used to investigate the effect of 
ATM AS-ODNs on radiosensitivity of SCCVII cells solid 
tumor. All surgical procedures and care administered to 
the animals were in accordance with institutional guide- 
lines. Animal surgeries and radiotherapy were performed 
under general anesthesia, 50 mg/kg ip injection of pento- 
barbital sodium. About 5 x 10 6 SCCVII cells were subcuta- 
neously inoculated in submental space of the mice. 
Tumor growth rates were determined by measuring two 
orthogonal dimensional diameters of each tumor twice a 
week. Tumour volumes were estimated according to the 
formula V = ti/6 * a2 x b, where a is the short axis, and b 
the long axis. When tumors reached an average volume of 
about 200 mm 3 , the tumor-bearing C3H/He mice were 
divided into four groups: (a) control group, no treatment; 
(b) ATM AS-ODNs group, tumors were treated with ATM 
AS-ODNs alone but not exposed to irradiation for each 
time; (c) irradiation group, tumors were exposed to X-ray 
of 2 Gy alone for each time; and (d) combination group, 
2.5 mg/kg of ATM AS-ODNs was injected into the solid 
tumor the day before X-ray exposure, another dosage of 
ATM AS-ODNs was injected right before exposure to 2 Gy 
of X-ray for each time. The same treatment for each group 
were repeated 3 times (the interval time was 5 days). C3H/ 
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He mice were killed 3 weeks later. The ATM protein 
expression of the tumor in the different groups were anan- 
lysed by western blot using the procedures described as 
above. The tumor inhibition rate was evaluated using the 
following formula: (1 -average tumor volume of experi- 
mental group/average tumor volume of control group) x 
100%. 

Terminal deoxynucleotidyhransferase-mediated dUTP- 
digoxigenin nick-end-labeling (TUNEL) assay 

TUNEL staining of tumour sections was performed using 
an in situ apoptosis detection kit (Roche, Shanghai, 
China) according to the manufacture's protocol. The total 
number of apoptotic cells in 10 randomly selected fields 
was counted. Hie apoptotic index (Al) was calculated as 
the percentage of positive staining cells, namely AI = 
number of apoptotic cells x 100/total number of nucle- 
ated cells. 

Statistics 

Results were expressed as mean ± standard deviation(SD). 
SPSS 12.0 software package was used to perform statistical 
analysis. One-way ANOVA test was used to determine sta- 
tistical difference between the experimental groups with 
others. Differences were considered statistically significant 
at P< 0.05. 

Results 

Expression of ATM in ATM AS-ODNs transfected SCCVII 
cells 

We analyzed the expression of ATM in mRNA and protein 
level in SCCVII cells using real-time fluorescent quantita- 
tive PCR and western blot assay respectively. After 48 
hours treatment, there were no significant difference 
among the group treated with liposome alone, the group 
treated with Sen-ODNs and the group treated with Mis- 
ODNs (P > 0.05; Figure. 1). However when incubating 
with liposome formulations of ATM AS-ODNs, the rela- 
tive ATM mRNA expression was only about 25.7 ± 3.1% 
to the untreated SCCVII cells, which demonstrated a sig- 
nificantly reduced expression of ATM mRNA (P < 0.05; 
Figure. 1). As shown in Figure. 2, ATM protein expression 
was also significantly reduced by ATM AS-ODNs com- 
pared with Sen-ODNs and Mis-ODNs after 72 hours treat- 
ment (Figure. 2A). The relative ATM protein expression of 
SCCVII cells treated with ATM AS-ODNs was only about 
24.1 ± 2.8% to the untreated cells (P < 0.05; Figure. 2B). 
But mere was no significant difference among the group 
treated with liposome alone, the group treated with Sen- 
ODNs and the group treated with Mis-ODNs (P > 0.05; 
Figure. 2B). 



Effect of ATM AS-ODNs on clonogenic survival ability of 
SCCVII cells after irradiation 

Cellular response to ionizing radiation was evaluated by 
clonogenic survival assay. Compared with untreated cells 
or cells treated with control ODNs, cloning efficiency 
declined notably in cells which transfected with ATM AS- 
ODNs at the same dose of radiation (Figure. 3). The sur- 
vival fraction after 2 Gy (SF2) reflect the cellular intrinsic 
radiosensitivity. The SF2 of cells transfected with ATM AS- 
ODNs was 53.3 ± 3. 1%, definitely lower than that of other 
cells, which indicated a significant increase in the radio- 
sensitivity (P < 0.05; Figure. 3). Ihere were no obvious dif- 
ferences among the other groups about clonogenic 
survival ability (P > 0.05; Figure. 3). 

Effect of ATM AS-ODNs on apoptosis and cell cycle of 
SCCVII cells after irradiation in vitro 

After 2 Gy irradiation, the apoptotic rate in ATM AS-ODNs 
transfected cells was 24.7 ± 2.5%, which was higher than 
that in Sen-ODNs and Mis-ODNs transfected cells (P < 
0.05; Figure. 4). It was also found that cell percentage of 
G2/M phase was decreased dramatically in ATM AS-ODNs 
transfected cells at 48 hours after 2 Gy irradiation com- 
pared with that of other groups(P < 0.05; Figure. 5). 

Inhibitory effect of ATM AS-ODNs on tumor growth in 
vivo after irradiation 

In the group treated with ATM AS-ODNs alone and the 
group irradiated in combination with the treatment of 
ATM AS-ODNs, the relative ATM protein expression were 
only 63.4 ± 5.6% and 62.1 ± 6.1% to the untreated group 
respectively (P < 0,05; Figure. 6). Tumor growth of the 
mice in four groups were shown in Figure. 7. The inhibi- 
tion rate in SCCVII cells solid tumor exposed to X-ray 
alone was 23.2 ± 2.7%, while it was 56.1 ± 3.8% in solid 
tumor irradiated in combination with the treatment of 
ATM AS-ODNs at the experimental endpoint(P < 0.05; 
Figure. 7). 

Enhancement of tumour apoptosis by irradiation 
combined with ATM AS-ODNs treatment in vivo 

Only small numbers of apoptotic cells were detected by 
TUNEL analysis in tumors treated with irradiation alone. 
In contrast with irradiation alone, tumor cell apoptosis 
was doubled following irradiation in combination with 
ATM AS-ODNs treatment (Figure. 8A). Accordingly, the AI 
for tumors from ATM AS-ODNs treated mice was 19.6 ± 
3.2, significandy higher than that of the other groups (P < 
0.05; Figure. 8B). 

Discussion 

Damage to cellular DNA evokes a wide range of cellular 
responses that lead to activation of a variety of genes nec- 
essary for cellular survival, delay in cell-cycle progression, 
and induction of DNA repair[ 18-20]. ATM protein is a key 
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Figure I 

Real-time quantitative PCR analysis of ATM mRNA expression. Reduced expression of ATM mRNA in the presence 
of liposome formulations of ATM AS-ODNs(AS-Lipo) was observed. *P > 0.05, no significantly difference among liposome- 
treated group(Lipo), and Sen-ODNs (Sen-Lipo) treated group and Mis-ODNs (Mis-Lipo)treated group. **P < 0.05, compared 
with other groups. 
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Figure 2 

Effect of ATM AS-ODNs on the expression of ATM protein in vitro. (A) Liposome formulations of ATM AS-ODNs 
significantly reduced the expression of ATM protein compared with other groups. (B) *P > 0.05, no significantly difference 
among liposome-treated group(Lipo), and Sen-ODNs (Sen-Lipo) treated group and Mis-ODNs (Mis-Lipo) treated group. **P < 
0.05, compared with other groups. 
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Figure 3 

Survival curves for SCCVII cells after irradiation. Survival fractions at each dose point were normalized to untreated 
cells. * P < 0.05, The mean of SF2 in the cells transfected with ATM AS-ODNs was significantly lower than that of other cells. 



mediator of the radioprotective machinery inducing a sig- 
naling network that is responsible for repair of radiation- 
induced damaged DNA and for cellular recovery and sur- 
vival [21-23]. Rasheed had found that disruption of the 
ATM gene in mice resulted in exquisite sensitivity to low 
doses of ionizing radiation [24]. Yin demonstrated that 
treatment of mouse cerebrovascular endothelial cells with 
ATM AS-ODNs led to specific inhibition of ATM induc- 
tion, and increased radiation-induced apoptosis in 
vitro[ 1 7\. Therefore we designed the experiment to test the 
hypothesis whether ATM AS-ODNs could inhibit the 
expression of ATM in SCCVII cells and furthermore 
increase the radiosensitivity by enhancing radiation- 
induced apoptosis in vitro and in vivo. 

In the present study, we successfully transfected ATM AS- 
ODNs into SCCVII cells using liposome as delivery car- 



rier, and detected the inhibitory expression of ATM at 
mRNA and protein level in SCCVII cells. We found that 
expression of ATM was dramatically reduced after cells 
were transfected with ATM AS-ODNs compared with that 
Sen-ODNs and Mis-ODNs treated groups, which indi- 
cated that the inhibition was specific for the ATM anti- 
sense sequence. Then we investigated whether the 
reduction of ATM expression resulted in radiosensitiza- 
tion in SCCVII cells. Hie results of clonogenic survival 
assay in vitro demonstrated that the cloning efficiency 
declined notably in cells which transfected with ATM AS- 
ODNs at the same dose of radiation (P < 0.05) compared 
with untreated cells or cells treated with control ODNs. 
While the SF2 of cells transfected with ATM AS-ODNs was 
53.3 ± 3.1%, definitely lower than that of other cells, 
which means the increase of cell intrinsic radiosensitivity. 
Furthermore we investigated whether the increased radio- 
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Figure 4 

The apoptotic rate of SCCVII cells after 2 Gy irradiation. The apoptotic rate (Apo) in ATM AS-ODNs transfected cells 
was higher than that in Sen-ODNs and Mis-ODNs transfected cells after 2 Gy irradiation. * P > 0.05, no significant difference 
among these groups. ** P < 0.05, compared with other groups. 



sensitivity in SCCVII cells was due to the enhanced radia- 
tion-induced apoptosis and defective cell-cycle 
checkpoint. As we known, in p53 mutated cell lines, ATM 
mainly regulates the G2/M checkpoint to arrest cells in G2 
phase at the time of irradiation where the radiation- 
induced DSBs can be repaired[15,16]. From flow cytome- 
try, we found that the cells did not accumulate in the G2/ 
M phase following irradiation in cells transfected with 
ATM AS-ODNs, which mean the reduced ATM expression 
resulted in the defective G2/M checkpoint control. More- 
over, we found that radiation-induced apoptosis 
increased among the cells lack of ATM expression com- 
pared with those cells that have impact ATM expression. 



In our study, we also investigated the effects of ATM AS- 
ODNs on the apoptotic responses to ionizing radiation in 
vivo. It was found that the tumors irradiated in combina- 
tion with the treatment of ATM AS-ODNs were effective in 
controlling tumor growth and showed higher apoptotic 
rate. The inhibition rate in the tumors injected with ATM 
AS-ODNs before exposure to X-ray was 56.1 ± 3.8%, 
whereas it was 23.2 ± 2.7% in tumors exposed to radiation 
alone, and a significant difference was found between 
these two groups (P < 0.05). The results of TUNEL assay 
demonstrated that the apoptotic rate of the tumors irradi- 
ated in combination with the treatment of ATM AS-ODNs 
was obviously higher than that of control groups. The 
results of in vivo experiments indicated that the radiosen- 
sitivity of SCCVII cells solid tumors were enhanced by the 
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Figure 5 

Distribution of the cell cycle in SCCVII cells after 2 Gy irradiation. The cell percentage of G2/M phase decreased dra- 
matically in ATM AS-ODNs transfected cells at 48 hours after 2 Gy irradiation compared with that of other groups(P < 0.05). 



treatment of ATM AS-ODNs and related with the 
increased radiation-induced apoptosis. 

Conclusion 

We had demonstrated that the ATM AS-ODNs used in our 
study could specificly reduce the ATM expression and fur- 
ther result in an increased radiosensitivity in SCCVII cells 
in vitro and in vivo. The potential mechanism of radiosen- 
sitization related with reduced ATM expression should be 
the defective G2/M cell-cycle checkpoint control and 
enhanced radiation-induced apoptosis. 
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Figure 6 

Effect of ATM AS-ODNs on the ATM protein expression in vivo, (A) En the group treated with ATM AS-ODNs alone 
(ATM AS-ODNs treated alone) and the group irradiated in combination with ATM AS-ODNs (ATM AS-ODNs + irradiation), 
the expression of ATM protein were decreased. (B) * P < 0.05, compared with the untreated group and the group irradiated 
alone. 
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Figure 7 

Tumor growth in ATM AS-ODNs treated SCCVII cells in C3H/He mice with or without irradiation. 
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Figure 8 

The apoptosis of SCCVII cells in vivo after irradiation. (A) Apoptotic cells are detected by TUNEL The nuclei of apop- 
totic cells were stained brown as observed under light microscopy (magnification, * 400). (B) The treatment by irradiation in 
combination with ATM AS-ODNs injection enhanced the apoptotic rate of tumor cells. * P < 0.05, there was a significant dif- 
ference in the Al of tumors treated with irradiation alone compared with the untreated group and the group treated with ATM 
AS-ODNs alone. ** P < 0.05, compared with the other groups. 
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RLIP76 plays a central role in radiation and chemotherapy resistance through its activity as a 
multi-specific ATP-dependent transporter which is over-expressed in a number of types of 
cancers. RLIP76 appears to be necessary for cancer cell survival because both in vitro cell 
culture and in vivo animal tumor studies show that depletion or inhibition of RLIP76 causes 
selective toxicity in malignant cells. RLIP76 induces apoptosis in cancer cells through the 
accumulation of endogenously formed GS-E. The results of our in viuo studies demonstrate 
that administration of RLIP76 antibodies, siRNA or anti-sense to mice bearing xenografts of 
PC-3 prostate cancer cells leads to near complete regression of established subcutaneous 
xenografts with no apparent toxic effects. Since anti-RLIP76 IgG (which inhibit RLIP76- 
mediated transport), siRNA and antisense (which deplete RLIP76) showed similar tumor 
regressing activities, our results indicate that the inhibition of RLIP76 transport activity at 
the cell surface is sufficient for observed anti-tumor activity. These studies indicate that 
RLIP76 serves a key effector function for the survival of prostate cancer cells and that it is a 
valid target for cancer therapy. 

© 2008 Elsevier Inc. All rights reserved. 



1. Introduction 

Prostate cancer is the most frequently diagnosed malignancy 
and the second leading cause of cancer-related deaths in men 
in the U.S. In the early stage of the disease, the treatments of 
choice are extensive surgery and/or radiation therapy. 
Although both treatment modalities are effective, they are 
associated with significant morbidity and mortality. Despite 
striking improvements in drug therapy targeting kinase 
signaling pathways, prostate cancer remains a deadly malig- 
nancy if not found and removed in early stages. It is 
characteristically so highly drug-resistant, that no effective 



and life-prolonging regimen of cytotoxic chemotherapy has 
been demonstrated for prostate cancer despite several 
decades of effort. Although prostate cells characteristically 
express high levels of transporter proteins in their membranes 
that can contribute to drug-resistance, and may also play 
some role in radiation resistance, targeting the ATP Binding 
Cassette (ABC) -transporter family protein has not been 
effective reversing drug-resistance in prostate cancer [1,2]. 
Prostate cancer is being detected with increasing frequency, 
and many patients are receiving such treatments as radical 
prostatectomy and radiation therapy. The highly drug and 
radiation-resistant nature of prostate cancer, as compared 
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with other neoplasm such as lung or breast cancer, is a major 
reason why there is still no effective and life-prolonging 
traditional cytotoxic chemotherapy for prostate cancer [3-5], 
Clinically, however, inhibitors of ABC-transporters have 
not yet been successful in improving chemotherapeutic 
outcomes [6,7], though alternative targeting strategies may 
ultimately prove clinically efficacious [8]. Clearly, other 
transport and resistance mechanisms are involved [9]. In 
contrast, genetic deletion of the non-ABC transporter, RLIP76, 
causes loss of about 4/5 of total transport activity for 
glutathione-conjugates (GS-E), along with major phenotypic 
effects due to sensitivity to stress or toxin mediated apoptosis. 
The loss of this transport activity for GS-E resulted in 
demonstrated accumulation of GS-E and their electrophilic 
precursors {e.g., GS-HNE and 4HNE) in the tissues of these 
animals [10], 

Cell-line, animal and human clinical data indicate that the 
ABC-transporters MRP, P-glycoprotein (Pgp) and related 
transporters are clearly able to mediate drug- accumulation 
defects in cultured malignant cells, but correlations with 
pathology, clinical resistance and outcomes in prostate cancer 
are poor, and attempts at improving therapeutic efficacy by 
targeting these have not been successful [1,3-5]. Our approach 
will supply a missing piece of the puzzle to the understanding 
of multi-specific transport mechanisms in prostate cancer, a 
stress -responsive non-ABC, high capacity transporter, which 
must have had significant confounding effect in studies of 
ABC-transporters. Cancer cells appear significantly more 
sensitive to apoptosis triggered by blocking RLIP76 than 
normal cells, suggesting the feasibility of targeting RLIP76 in 
prostate cancer therapy. 

RLIP76 was characterized as a human GTPase-activating 
protein, Ral-interacting protein. It was cloned as a Ral-binding 
GAP through a yeast two-hybrid screen [11]. It is a 76 kDa 
protein, but it appears as a 95 kDa band in SDS-PAGE [12]. 
Complete and sustained regression of human lung and colon 
cancer xenografts by systemic depletion clearly demonstrates 
the effectiveness of targeting the mercapturic acid pathway 
through RLIP76 [13]. Present studies were therefore designed 
to examine the effect of inhibiting transport activity of RLIP76 
on PC -3 cells in culture and on tumor xenografts in nude mice. 
The focus of our present studies is to develop a novel 
therapeutic strategy for the treatment of prostate cancer by 
using RLIP76 antibody, siRNA or antisense. 



2. Materials and methods 

2.1. Materials 

Bacterial strains DH5a and BL21(DE3) were purchased from 
Invitrogen Life Tech. (Carlsbad, CA). pET30a(+), the T7 
promoter based expression vector was purchased from 
Novagen, Inc. (Madison, WI). Restriction enzymes, thermo- 
philic DNA polymerase (Vent polymerase) and DNA ligase 
were from New England Biolabs (Beverly, MA). dNTPs were 
from Applied Biosystems (Foster city, CA). RPMI-1640 and 
DMEM medium, phosphate buffered saline (PBS), penicillin/ 
streptomycin solution (P/S), fetal bovine serum (FBS), trypsin- 
EDTA, and trypan blue were purchased from GIBCO BRL Inc., 



Grand Island, NY. Dimethylsulfoxide (DMSO), G418 (geneticin) 
and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro- 
mide (MTT) were obtained from sigma (St Louis, MO). 
Doxorubicin (DOX, adriamycin) was obtained from Adria 
Laboratories (Columbus, OH). 3 H-GSH (3000 Ci/mmol) was 
purchased from Pharmacia Biotech (Piscataway, NJ). 14 C-D0X 
(specific activity 44.8 Ci/mmol) was purchased from NEN Life 
Sciences (Boston, MA). Polyclonal rabbit-anti-human rec- 
RLIP76 IgG as well as pre-immune IgG were prepared and 
purified as described previously [12]. Secondary antibody for 
Western blots, goat anti-rabbit IgG horseradish peroxidase 
conjugate was purchased from Sigma (St. Louis, MO). TUNEL 
fluorescence detection kit was purchased from Promega 
(Madison, WI). DNP-SG was synthesized from CDNB and 
GSH according to the method described by us previously [14]. 
The sources of other chemicals used in this study were same 
as described previously [12]. 

2.2. Cell lines and cultures 

Human SCLC H82, NSCLC H226 (squamous cell carcinoma), 
kidney Caki-2, prostate PC-3 and colon SW-480 from American 
Type Culture Collection (Manassas, VA), were used in these 
studies. Human aortic vascular smooth muscle cells 
(HAVSMC) and human umbilical vascular endothelial cells 
(HUVEC) were kindly provided by Dr. Paul Boor (UTMB, 
Galveston, TX) and Dr. Fiemu Nwariaku (UTSWMC, Dallas, 
TX), respectively. All cells were cultured at 37 °C in a 
humidified atmosphere of 5% C0 2 in the appropriate medium: 
RPMI 1640 (H82, H226, Caki-2, and SW-480), Ham's F12K (PC-3), 
DMEM (HAVSMC), and EGM-2 bullet kit (HUVEC) medium 
supplemented with 10% (v/v) heat-inactivated FBS and 1% (v/v) 
P/S solution. 

2.3. Anti-RLIP76 antibodies 

We have raised and purified polyclonal rabbit-anti-human 
RLIP76 IgG and aliquots were stored at -86 °C. All reagents for 
the preparation of antibodies and storage were filtered 
through 0.22 \x.m filters and handled under laminar flow hoods 
in a sterile manner. Aerobic, anaerobic and fungal cultures of 
random aliquots were performed at 2-month intervals. The 
integrity and purity of the antibodies were consistently 
checked by SDS-PAGE and Western-blot analysis against 
anti-IgG antibodies during these studies. Protein- A affinity 
purified immunoglobulin fraction obtained from the pre- 
immune serum was used as control. Anti-RLIP76 IgG used in 
these experiments was previously shown by Ouchterlony 
double immuno-diffusion assay to be non-cross-reactive with 
any other proteins including PgP or MRP [15,16]. 

2.4. RLIP76 siRNA preparation 

We chose aa 171-185 (nucleotide 510-555 starting from 1 AUG 
codon in the open reading frame) in the N- terminal region of 
RLIP76 as the target region to design for siRNA because of lack 
of homology with other proteins or nucleotide sequences. We 
searched for 23-nucleotide sequence motif, AA(N19)TT or 
NA(N21) (N, any nucleotide) and selected hits with approxi- 
mately 50% GC contents. The sequence of sense siRNA 
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corresponds to N21. We converted 3' end of the sense siRNA to 
TT. The rationale for this sequence conversion was to generate 
a symmetric duplex with respect to the sequence composition 
of sense and antisense 3' overhangs. The antisense siRNA was 
synthesized as the complement to position 1-21 of the 23- 
nucleotide motif. The selected siRNA sequence was blast- 
search (NCBI database) against EST libraries, to ensure that 
only one gene is targeted. Chemically synthesized siRNA 
duplex in the 2' de-protected and desalted forms, was 
purchased from Dharmacon Research (Lafayette, CO). A 23 
nucleotide long scrambled siRNA duplex was used as a 
control. The scrambled siRNA sequence was not homologous 
with RLIP76 mRNA in a blast-search against RLIP76. The siRNA 
duplex was re-suspended in IX universal buffer, provided by 
Dharmacon Research Laboratory (Lafayette, CO). The targeted 
cDNA sequence (AAGAAAAAGCCAATTCAGGAGCC) corre- 
sponds to aa 170-176 (nt 508-528). The corresponding sense 
and antisense siRNA sequences are GAAAAAGCCAAUUCAG- 
GAGCCdTdT and GGCUCCUGAAUUGGCUUUUUCdTdT, res- 
pectively. The sequence of the scrambled siRNA in the sense 
and antisense directions are GUAACUGCAACGAUUUCGAU- 
GdTdT and CAUCGAAAUCGUUGCAGUUACdTdT, respectively. 
Transfection of siRNA duplexes was performed using Trans- 
messenger Transfection Reagent kit (Qiagen) and assay for 
silencing 24 h after transfection. 

2.5. RLIP76 phosphorothioate anti-sense DNA 
preparation 

The region spanning amino acid residues 171-185 (nucleotide 
510-555 starting from 1 AUG codon in the open reading frame) 
in the N-terminal region of RLIP76 was chosen as the target 
region for synthesis of phosphorothioate DNA. The oxygen in 
the backbone of the DNA molecules was replaced by sulfur in 
each phosphate group, which makes the DNA backbone 
resistant to nucleases. However, the macromolecule remains 
electrically charged, impeding its passage across cell mem- 
brane. Selected DNA sequence was subjected to blast-search 
(NCBI database) against EST libraries, to ensure that only the 
selected gene was targeted. Chemically synthesized phos- 
phorothioate DNA in desalted form was purchased from 
Biosynthesis Inc (Lewisviile, TX). A 21 nucleotide long 
scrambled phosphorothioate DNA was used as a control. 
The scrambled DNA sequence was not homologous with 
RLIP76 cDNA in a blast-search against RLIP76. The targeted 
cDNA sequence (AAGAAAAAGCCAATTCAGGAGCC) corre- 
sponds to nt 508-528. The corresponding phosphorothioate 
DNA sequence was GGCTCCTGAATTGGCTTTTTC. The seq- 
uence of the scrambled DNA was CATCGAAATCGTTGCAGT- 
TAC. Transfection of phosphorothioate DNA was performed 
using Maxfect transfection reagent (MoleculA) and assayed for 
silencing 24 h after transfection. 

2.6. Drug sensitivity (MTT) assay 

Cell number/ml in an aliquot of cells growing in log phase was 
determined by counting trypan blue excluding cells in a 
hemocytometer and 20,000 cells were plated into each well of 
96-well flat-bottomed micro-titer plates. After 12 h incubation 
at 37 °C, medium containing either pre -immune IgG or anti- 



RLIP76 IgG were added to cells. After 24-48 h incubation, 20 nl 
of 5 mg/ml MTT were introduced to each well and incubated 
for 2 h of exposure. The plates were centrifuged and medium 
was decanted. Cells were subsequently dissolved in 100 pi 
DMSO with gentle shaking for 2h at room temperature, 
followed by measurement of optical density at 570 nm [17,18]. 
Eight replicate wells were used in each point in each of three 
separate measurements. Measured absorbance values were 
directly linked with a spreadsheet for calculation of IC S0 , 
denned as the drug concentration that reduced formazan 
formation by 50%. Depletion of RLIP76 expression in cells by 
RLIP76 siRNA and RLIP76 antisense were measured as follows: 
cells were incubated for 3 h with 0-4 p.g/well either RLIP76 
siRNA or anti- sense in Transmessenger Transfection Reagent 
(Qiagen) and Maxfect transfection reagent (MoleculA), respec- 
tively, according to the manufacturer provided protocol. 

2.7. Cloning, profearyotic expression, and purification of 
RLIP76 

Purified RLIP76 protein (1965 bp; 655 aa) was obtained from E. 
coli BL21(DE3) expressing the pET30a(+) plasmid containing 
full-length cDNA corresponding to the sequence of RLIP76. The 
purification was carried out using DNPSG- affinity resin as 
described previously and purity was confirmed by SDS-PAGE 
and Western blot analyses [12]. 

2.8. Functional reconstitution of purified rec-KLlP76 into 
artificial liposomes and transport studies 

Purified RLIP76 was dialyzed against reconstitution buffer 
(10 mM Tris-HCl, pH 7.4, 2 mM MgCl 2 , 1 mM EGTA, 100 mM 
KC1, 40 mM sucrose, 2.8 mM BME, 0.05 mM BHT, and 0.025% 
polidocanol). An aqueous emulsion of soybean asolectin 
(40mg/ml) and cholesterol (lOmg/ml) was prepared in the 
reconstitution buffer by sonication and 0.1 ml of this mixture 
was added to 0.9 ml aliquot of dialyzed purified rec-RLIP76 
protein. The reaction mixture was sonicated at 50 W for 30 s. 
Vesiculation was initiated by addition of 200 mg SM-2 Bio- 
beads pre-equilibrated in the reconstitution buffer without 
polidocanol. Vesiculation was carried out for 4h at 4°C, 
followed by removal of SM-2 Bio-beads by centrifugation and 
the vesicles (RLIP76 -liposomes) were collected, and yields 
primarily unilammelar vesicles with median diameter of 
0.25 jim, and intravesicular/extra vesicular volume ratio of 
18 jtl/ml. Control vesicles (control-liposomes) were prepared 
using an equal amount of albumin or crude protein from E. coli 
not expressing RLIP76. ATP-dependent transport of 14 C-D0X 
and 3 H-DNPSG in the rec-RLIP76 reconstituted proteolipo- 
somes was performed by rapid filtration technique using the 
exact protocol described by us previously [12]. Efficiency of 
delivery for proteoliposomes has been established previously 
[12,18]. 

2.9. Preparations of crude membrane fractions for 
Western blot analyses 

Crude membrane fractions were prepared from the normal 
and cancer cell lines using established procedures as des- 
cribed previously [19]. Levels of RLIP76 protein in normal and 
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cancer cells was measured by Western blot and ELISA assay 
using anti-RLIP76 IgG as previously described [18,19]. Purified 
rec-RLIP76 with purity assessed by amino acid composition 
analysis was used to generate calibration curves. 

2.10. Transport studies in IOVs 

Crude membrane vesicles (inside-out vesicles, 10 V) were 
prepared from the normal (HAVSMC and HUVEC) and 
malignant (H82, H226, Caki-2, PC-3 and SW-480) cell lines 
using established procedures as described by us for the K562 
cells [12,20]. Transport studies of DOX and DNP-SG in IOV were 
performed by the method as described previously [20]. ATP- 
dependent uptake of 14 C-DOX was determined by subtracting 
the radioactivity (cpm) of the control without ATP from that of 
the experimental containing ATP and the transport of DOX 
was calculated in terms of pmol/min/mg IOV protein. The 
transport of 3 H-DNP-SG was measured in a similar manner. 

2.11. Animal model 

Hsd: Athymic nude nu/nu mice (~12 weeks old) were obtained 
from Harlan, Indianapolis, IN. All animal experiments were 
carried out in accordance with a protocol approved by the 
Institutional Animal Care and Use Committee (IACUC). 
Twenty-four mice were divided into six groups of 4 animals 
(treatments with pre -immune serum, scrambled siRNA, 
scrambled anti-sense DNA, RLIP76 antibodies, RLIP76 siRNA 
and RLIP76 antisense). All 24 animals were injected with 
2 x 10 6 human prostate cancer cells (PC-3) suspensions in 
100 ^1 of PBS, subcutaneously into one flank of each mouse. 
Animals were examined daily for signs of tumor growth. 
Treatment were administered when the tumor surface area 
exceeded ~42 mm 2 (~ day 27). Treatment consisted of 200 jig 
of RLIP76 antibodies, siRNA or antisense in 100 \i\ PBS. Control 
groups were treated with 200 ixg^lOO ^1 pre -immune serum, 
scrambled siRNA or scrambled anti-sense DNA. Tumors were 
measured in two dimensions by calipers using Study Director 
Software V1.6, from Studylog System, San Francisco, CA. 

2.12. Colony forming assay 

Cells (0.1 x 10 6 cells/500 jil) were irradiated at 100, 200, 500 and 
1000 cGY using Varian Clinac 2100C Linear Accelerator with 6 
MeV photon beam, for 1.25 min at the Texas Cancer Center, 
Arlington, TX ( then aliquots 50 and 100 p.1 in 60 mm size petri 
dishes, separately, in a total volume of 4 ml by adding medium 
in each Petri dish. After 7 days, un-irradiated and irradiated 
cells were stained with methylene blue for 30 min. and 
colonies were counted using Innotech Alpha Imager HP [21]. 

2.13. Effect of RLIP76 antibody, siRNA and antisense on 
apoptosis by TUNEL assay 

In these studies, we assessed whether cellular levels of RLIP76 
could be depleted by RLIP76 antibody, siRNA or antisense 
mediated delivery to cultured prostate cancer cells, and 
assessed whether uptake is correlated with apoptosis by the 
TUNEL assay. The PC-3 prostate cancer cells (1 x 10 6 cells) 
were grown on the cover slips. The cells were treated with 



RLIP76 antibody (40|ig/ml final cone.) or transfected with 
either RLIP76 siRNA (20 p-gftnl final cone.) or RLIP76 antisense 
(10 jig/ml final cone). After 24 h incubation, the medium was 
removed, and cells were washed with PBS. TdT-mediated 
dUTP nick end labeling (TUNEL) assay was performed using 
Promega fluorescence detection kit according to the protocol 
provided by the manufacturer and described by us previously 
[21]. Briefly, cells were fixed by immersing slides in freshly 
prepared 4% paraformaldehyde solution for 30 min at 4°C 
followed by washing with PBS. The cells were permeabilized 
by immersing the slides in 0.2% Triton X-100 solution in PBS 
for 5 min followed by washing with PBS. Cells were equili- 
brated with equilibration buffer (provided by Promega 
Company) for 10 min. The equilibrated areas were blotted 
with tissue paper and TdT incubation buffer was added to the 
cells, and placed in humidified chamber. The chamber was 
covered with aluminum foil to protect from direct light. Slides 
were incubated at 37 °C for 60 min and the reaction was 
terminated by immersing the slides in 2x SSC buffer for 
15 min followed by washing with PBS. The slides were stained 
in propidium iodide solution for 10 min in the dark and 
washed with distilled water several times. Slides were 
analyzed under a fluorescence microscope using a standard 
fluorescein filter set to view the green fluorescence at 520 nm, 
and red fluorescence of propidium iodide at >620nm. 
Fluorescence micrographs were taken using Zeiss LSM 510 
META (Germany) laser scanning fluorescence microscope at 
400x magnification. 

2.14. Statistical methods 

All data were evaluated with a two-tailed unpaired student's t 
test or compared by one-way ANOVA and are expressed as the 
mean ± SD. A value of P < 0.05 was considered statistically 
significant. 



3. 



Results and discussion 



3.1. Expression of RLIP76 

Western-blot analyses of membrane protein extracts from 
various human normal and cancer cells were performed 
against anti-RLIP76 IgG indicated relatively larger amounts of 
RLIP76 in cancer versus normal cells (Fig. 1). 

The results of RUP76 protein and transport-activity are 
presented in Table 1 show that the amounts of total crude 
membrane proteins obtained from 100 x 10 6 cells in log-phase 
growth were comparable for normal and cancer cells. RLIP76 
protein represented 0.21% and 0.66% of the total detergent 
soluble protein from the membranes of normal and cancer 
cells, respectively. These values of % of total membrane 
protein are in the range of those seen in various cell lines 
previously [15,19]. We have shown that proteoiiposomes 
reconstituted with RLIP76, mediate ATP-dependent transport 
of DOX and other drugs [12,17,22]. In order to examine whether 
differential RLIP76 protein in normal and cancer cells was 
reflected in their transport activity, we compared the ATP- 
dependent uptake of DOX and DNP-SG in crude membrane in- 
side-out vesicles (IOV) prepared separately from the mem- 
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Table 1 - RLIP76 protein and transport activity in human normal and cancer cells. 



Total crude protein RLIP76 protein Transport-activity 

(mg^lO 8 cells) (pmol/min/mg) 

jjig/10 8 cells % of total crude protein 14 C-D0X 3 H-DNP-SG 

Non-malignant 



HAVSMC {aorta smooth muscle) 


7.73 ± 0.61 


17 ±2 


0.22 


38 ±5 


114 ± 10 


HUVEC (umbilical endothelial) 


7.14 ± 0.48 


15 ± 2 


0.21 


33 ±5 


104 ± 12 


Malignant 












Caki-2 (kidney) 


7.21 ±0.72 


44 ±3 


0.61 


189 ± 12 


684 ±54 


H-82 (lung, SCLC) 


7.08 ±0.47 


34 ± 3 


0.48 


102 ± 8 


316 ±21 


PC-3 (prostate) 


7.88 ±0,68 


52 ±3 


0.66 


257 ±18 


946 ±42 


H-226 (lung, NSCLC) 


7.17 ±0.82 


38 ±3 


0.53 


174 ± 14 


594 ±32 


SW-480 (colon) 


7.91 ±0.86 


49 ±3 


0.62 


228 ± 21 


744 ±41 



Cell lines were cultured in respective medium and homogenate was prepared from 100 x 10 6 cells. RLDP76 was purified from total crude 
membrane fraction using DNPSG-affinity column chromatography, and quantified by ELISA. For transport studies, in-side-out vesicles (IOV) 
? prepared from 20 x 10 6 cells was enriched for IOVs by wheat-germ- agglutinin affinity chromatography [20]. Transport-activity was calculated 
■ from measurements of uptake of "C-DOX (sp. activity, 8.5 x 10 4 cpm/nmol) and 3 H-DNI>-SG (sp. activity, 3.6 x 10 3 cpm/nmol) into the IOVs 
> (20 p.g/30 id reaction mixture) in the absence or presence of 4 mM ATP. Each transport experiment was done in triplicates in three separate 
experiments (n = 9). 



branes of control and cancer cells. The results presented in 
Table 1 clearly demonstrated that the ATP-dependent trans- 
port of DOX and DNP-SG was significantly higher in IOVs 
prepared from cancer cells than from normal cells. Results of 



malignant 



normal 




Internal control 
(fl-actin) 



Fig. 1 - Comparison of RLIP76 levels in cultured malignant 
versus non-malignant cells Aliquots of crude membrane 
fractions of malignant cells (human kidney, Caki-2; small 
cell lung, H-82; prostate, PC-3; non-small cell lung, H-226 
and colon, SW-480) and non-malignant cells (human 
aortic vascular-smooth-muscle cells, HAVSMC and human 
umbilical vascular-endothelial cells, HUVEC) containing 
200 p.g protein were used for SDS-PAGE and Western- 
blotting against anti-RLIP76-IgG as primary-antibody and 
horseradish peroxidase-conjugated goat-anti-rabbit-IgG 
as secondary-antibody and developed with 4-chloro-l- 
naphthol as chromogenic substrate. Intensity of the full- 
length RLIP76 protein (-95 kDa, denoted by arrow) band 
was quantified by scanning densitometry as shown by 
integrated density values (IDV), for lanes 1-7 values are 
32,259, 25,588, 35,597, 27,810, 33,377, 11,569, and 11,124, 
respectively, using Innotech Alpha Imager HP. p-actin was 
used as an internal control. 



measurements of ATP-dependent transport of 14 C-D0X and 
3 H-DNPSG revealed greater transport of both substrates in 
cancer cells containing greater amounts of RLIP76 protein, 
and a general correlation between RLIP76 protein level 
and transport- activity. Thus, greater RLIP76 expression corre- 
sponded to greater transport-activity. 

3.2. Relative contribution o/RLIP76 towards DOX- 
transport 

DOX is a common allocrite transported by RLIP76 [12,18], MRP1 
[23,24] and MDR1 [25]. We therefore, quantified the relative 
contribution of these transporters in the ATP-dependent 
transport of DOX in PC-3 cells using an immunological 
approach. We have previously shown that anti-RLIP76 IgG 
inhibit DOX-transport in IOVs [20,26]. Likewise, antibodies 
against MRP and Pgp also inhibit transport-activity in IOVs [26- 
28]. We therefore, designed experiments in which IOVs 
prepared from PC-3 cells and separately coated with anti- 
RUP76 IgG, anti-MRPl IgG, or anti-MDRl IgG were used to 
measure the ATP-dependent uptake of 14 C-D0X. Optimal 
concentration of antibody to be used for specific inhibition of 
DOX-transport was determined in titration studies where 
varying concentration of each antibody was used to coat the 
membrane- vesicles. Anti-RLIP76 IgG, which recognized only 
RLIP76 in crude extracts of PC-3 cells, inhibited 61 ± 8% of total 
DOX-transport in IOVs prepared from PC-3 cells. Anti-MRP IgG 
also inhibited DOX-transport in a saturable manner, but 
maximal inhibition was less (28 ± 5%) as compared to that 
observed with anti-RLIP76 IgG. Anti-Pgp IgG had a small but 
detectable inhibitory effect on DOX-transport (5 ± 2%). These 
results also established that <40 p.g/ml of each of the antibody 
quantitatively inhibited transport-activity of their respective 
antigen present in the amount of vesicles used in these 
experiments. In the vesicle coated with the mixture of the 
three antibodies almost complete abrogation (92 ± 6%) of DOX- 
transport was observed. In control vesicles coated with pre- 
immune IgG, the transport-activity remained unaffected. These 
results demonstrated that RLIP76, MRP, and Pgp together 
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constitute nearly all ATP-dependent transport-activity in these 
membranes. Furthermore, these results established that RLIP76 
accounted for a major portion (about two-third) of the ATP- 
dependent transport of DOX in prostate cancer cells. 

3.3. RLIP76 inhibition or depiction caused cytotoxicity in 
malignant cells 

The cytotoxic effects of RLIP76 inhibition by anti-RLIP76 IgG or 
the depletion of RLIP76 by either siRNA or antisense 
phosphorothioate were assessed by an established MTT- 
cytotoxicity method [13,18,19], Cells were treated with pre- 
immune IgG, scrambled siRNA, scrambled antisense, anti- 
RLIP76 IgG, RLIP76 siRNA or RLIP76 antisense for 24 h. The 
preferential toxicity of all three targeting agents was prefer- 
entially directed to the malignant cells as compared with non- 
malignant cells, an observation we have seen with other 
malignant (l un gt ovary, melanoma, breast) as compared with 
non-malignant cell lines [13,19]. In contrast with the results 
seen with lung or colon cancer previously (in which all three 
modalities gave similar results), antisense was significantly 
more effective in killing prostate cancer cells than the 
antibody (Fig, 2); this difference could be related to factors 
in prostate cancers that reduce the effectiveness of the 
antibody, or perhaps due a relatively greater role of some 
intracellular function of RLIP76 in prostate cancers. 

3.4. Apoptosis caused by inhibition or depletion of RLIP76 

The mechanism of cytotoxicity was assessed by determining 
apoptosis through an immuno-histochemical TUNEL assay. 
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pre-immune anti-RLlP76 scrambled RLIP76 scrambled RLIP76 
IgG IgG siRNA siRNA antisense antisense 

Fig. 2 - Selective toxicity of anti-RLIP76 IgG, RLIP76 siRNA 
and RLIP76 antisense toward PC-3 prostate cancer cells 
Effect of anti-RLIP76 IgG (40 jig/ml final concentration) on 
cell survival was determined by MTT assay. Depletion of 
RLIP76 expression by RUP76 siRNA (20 ng/ml final cone.) 
and RLIP76 antisense (10 jig/ml final cone.) was done, 
using Transmessenger Transfection-Reagent-kit (Qiagen), 
and Maxfect Transfection-Reagent (Molecula, Inc.), 
according to the manufacturer's instructions, respectively. 
Cell survival was measured by MTT cytotoxicity-assay 
48 h after treatment [18]. The values are presented as 
mean ± SD from two separate determinations with eight- 
replicates each (n = 16). black bars, HUVEG (normal) cells; 
gray bars, PC-3 prostate cancer cells. 



The results of the TUNEL assay showed no detectable 
apoptosis in the PC-3 cells treated with pre-immune IgG, 
scrambled siRNA or scrambled antisense. Apoptosis was 
however, seen in cells treated with anti-RLIP76 IgG, RLIP76 
siRNA or RLIP76 antisense (Fig. 3A). 

3.5. RLIP76 depletion caused regression of prostate cancer 
xenografts in nude mice 

The ultimate pre-clinical test for the potential utility of an anti- 
neoplastic agent is effectiveness in an animal model. The above 
observations of the anti-neoplastic effects of RLIP76 depletion 
were examined in a xenografts model of prostate cancer. 
Tumor-bearing animals with established s.c. implanted tumors 
(~42 mm 2 ) were treated with 200 p,g of either RLIP76 antibody, 
RLIP76 siRNA or RLIP76 antisense therapy by i.p. injection. 
Treated animals had rapid and dramatic reductions in tumors, 
whereas uncontrolled growth was observed in the control 
groups. The remarkable contrast in the outcome of tumors in 
animals treated with RLIP76 antibody, RUP76 siRNA or RUP76 
antisense versus pre-immune serum, scrambled siRNA or 
antisense was clearly evident for prostate cancer cell lines 
(Fig. 3B) (for animal pictures, see supplementary data). The 
RLIP76 antibody, RUP76 siRNA or RUP76 antisense treated 
animals with prostate cancer are still alive at 261 days without 
evidence of recurrence. In comparison, all control animals were 
censored by day 41. Weight gain was comparable to non-tumor- 
bearing controls, and no overt-toxicity was evident. Present 
studies demonstrate nearly complete and sustained regression 
of xenografts of PC-3 prostate cancer by targeted depletion of 
the mercapturic acid pathway transporter protein, RLIP76. 

The marked effectiveness of this targeted therapy com- 
pares quite favorably with other promising targeted agents in 
prostate cancer. ZD6126, a vascular targeting agent, caused 
reduction in the growth of xenografts in nude mice when 
administered by i.v. (100 mg/kg) daily for 5 days, resulted in 
~18% body weight loss; the combination of cisplatin and 
ZD6126 resulted in greater than additive in growth delay, but 
regression was not observed [29]. Vitamin D3 analog (1,25- 
dihydroxyvitamin D3), anti-PSMA (prostate specific mem- 
brane antigen) and anti-interleukin-6 (IL-6) monoclonal anti- 
bodies were found effective in xenografts of LNCaP prostate 
cancer carcinoma, but growth inhibition occurred rather than 
regression [30-32]. PTEN (phosphatase and tensin homolog), a 
protein known to inhibit Bcl-2 expression, caused reduction in 
the rate of growth of PC-3 xenografts; the combination of PTEN 
with radiation therapy (5 Gy) was more effective in slowing 
growth, but regression was not observed [33]. CKBM is a 
combination of herbs and yeasts, a drug product targeting 
prostate cancer, did cause delayed and incomplete regression 
by 28 days in xenografts of PC-3 prostate cell carcinoma, when 
treatment was started before established visible tumor was 
present [34]. Polyamine analogues containing cyclopropane 
rings caused reduction in the rate of growth of DU-145 prostate 
cancer xenografts, but regression was not observed [35]. 
Combination of doxorubicin (4 mg/kg, i.p.) and Apo2L/TRAIL 
(0.5 mgflcg, i.p.) did cause regression of very small tumors, but 
if treatment was started at the time of established PC-3 
prostate tumors at least 6 mm in each dimension (as in our 
case), only relatively little growth inhibition was seen [36]. The 
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Fig. 3 - Effect of RLIP76 antibody, siRNA or antisense on apoptosis and on the regression of established PC-3 prostate cancer 
xenografts Effect of anti-RUP76 IgG, RUP76 siRNA and RLIP76 antisense on apoptosis was performed by TUNEL assay. Human 
prostate cancer cells were grown on cover-slips. For anti-RLIP76 IgG treatment, cells were incubated with RLIP76 antibody for 
24 h; for siRNA treatment, cells were transfected with Transmessenger Transfection Reagent (Qiagen); for antisense 
treatment, cells were transfected with Maxfect Transfection Reagent (Molecula, Inc.), prior to TUNEL assay, using Promega 
fluorescence detection kit and examined using Zeiss LSM 510 MET A (Germany) laser scanning fluorescence microscope with 
filters 520 nm and >620 nm. Photographs taken at identical exposure at 400 x magnification are presented. Apoptotic cells 
showed green fluorescence (panel A). For xenografts studies, we used twenty-four 12-week-old Hsd: Athymic nude nu/nu 
mice (Harlan, Indianapolis, IN) randomized 4 animals each into six groups as follow: (1) pre-immune serum, (2) scrambled 
siRNA, (3) scrambled anti-sense DNA, (4) RLIP76 antibodies, (5) RUP76 siRNA and (6) RUP76 antisense. All 24 animals were 
injected with 2 x 10 6 human prostate cancer cells (PC-3) suspensions in 100 |il of PBS, subcutaneously into one flank of each 
nu/nu nude mouse. Animals were examined daily for signs of tumor growth. When tumors reached a cross-sectional area of 
~42 mm 2 (27 days later), animals were randomized treatment groups as indicated in the figure (for animal pictures, see 
supplementary data). Treatment consisted of 200 fig of RLIP76 antibodies, siRNA or antisense in 100 |d PBS. Control groups 
were treated with 200 jig/100 |a1 pre-immune serum, scrambled siRNA or scrambled anti-sense DNA. Tumors were measured 
in two dimensions using calipers. Tumor measurements are presented with all control groups (pre-immune IgG, scrambled 
siRNA or antisense) versus all treated groups (anti-RLLP76 IgG, RLIP76 siRNA, or anti-sense) (panel B). 



therapeutic and toxicological effect of cesium chloride 
(~1000 mgflcg by oral gavage for 30 consecutive days) admin- 
istration has recently been shown to nearly completely inhibit 
the growth of established PC-3 cell lines in xenografts, but also 
did not cause regression. Cesium chloride had no effect on 
LNCaP tumors [37]. Incomplete regression was seen by day 32 
in xenografts of PC-3 cell carcinoma treated with 2-methox- 
yestradiol (2ME2, 75 mgrtcg, p.o.) and 2 Gy radiation delivered 
each day for 5 days inhibits microtubule polymerization and 
angiogenesis, and celecoxib, COX-2 inhibitor [38,39]. Thus, 
targeted therapeutics for prostate cancer aimed at Bcl-2, 2ME2, 
COX-2, CKBM, IL-6, Apo2L/TRAIL, or PTEN do not appear as 
effective as RLIP76 inhibition or depletion in comparable 
animal xenografts models. 

3.6. Radiation-sensitivity 

We have shown that RLIP76 knockout mice are extremely 
sensitive to irradiation [10,40], and in recent studies, we have 
also demonstrated that the overall effect of RUP76-depletion is 



almost an order of magnitude greater than the effects exerted 
by important signaling proteins including Akt, JNK and MEK 
[10], Based on these previous studies in knockout-animals and 
other histologies of cancer cells, we reasoned that RUP76 
modulation would directly affect radiation-sensitivity and 
resistance of prostate cancer cells. To test this postulate, we 
determined X-iiradiation sensitivity of the human prostate 
cancer cells in dose-response studies utilizing 100-1000 cGY 
single dose X-irradiation, followed by colony-forming assays. 
Cells pretreated with RLIP76-liposomes were least sensitive to 
radiation. Delivery of RUP76 to cells via a Liposomal-delivery 
system completely reversed radiation- sensitivity. At each 
radiation-dose, survival was significantly more when the cells 
were pretreated with RUP76-liposomes before radiation 
exposure (Fig. 4). The physiological significance of RLIP76- 
mediated transport of endogenously generated GS-E (e.g., 
conjugate of 4HNE) is further indicated by results of our 
studies showing that RLIP76-enriched cells are resistant to 
radiation-toxicity. In these studies, prostate cancer cells were 
loaded with RLIP76 by incubating with RUP76-liposomes. As 
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Fig. 4 - Radiation-protection by RLIP76 liposomal delivery 
2.5 x 10 3 human prostate cancer cells grown in Ham's F12 
medium, were treated with control and RLIP76-liposomes 
(50 Kg/ml final cone.) for 24 h prior to radiation at 100, 200, 
500 and 1000 cGY (6 MeV photons, 1.25 min) at the Texas 
Cancer Center, Arlington, TX. After 7 days, cells were 
stained with methylene-blue and the colonies were 
counted using Alpha Imager HP [21]. The results presented 
are the mean and s.d. from three separate experiments. 



4. Conclusions 

The results of the present study clearly demonstrate that 
RLIP76 protein and activity is greater in cancer cells as 
compared with normal cells and that apoptosis triggered by 
RLIP76 depletion will be manifested preferentially in cancer as 
compared with normal cells. Studies demonstrating the 
marked enhancement of vinorelbine efficacy in lung cancer 
xenografts by concomitant depletion of RLIP76 have confirmed 
the in uiuo relevance of these observations [13]. Present studies 
have shown that human cancers (lung, colon, kidney and 
prostate) express higher levels of RLIP76 than non-cancerous 
cell, and that depletion or inhibition of RLIP76 in these cancer 
cell types caused marked apoptosis, whereas non-cancerous 
cells were spared. Because human prostate cancers have a 
relatively high expression of RLIP76, we reasoned that it may 
be functioning as a defense mechanism in prostate cancer 
cells as well. RLIP76 plays a central role in radiation and 
chemotherapy-resistance through its activity as a multi- 
specific ATP-dependent transporter. In conclusion, present 
studies demonstrate that depletion of RLIP76 exerts anti- 
neoplastic effects in prostate cancer. This study should help 
lay the foundation for clinical studies. These outstanding 
findings will have obvious translational implications for the 
treatment of prostate cancer and potentially other malig- 
nancies. 



shown in Fig. 4, cells enriched with RLIP76 were resistant to 
radiation as compared to controls. These results suggest that 
the electrophilic-products of lipid-peroxide caused by reac- 
tive-oxygen species (ROS) generated during radiation may 
account for the cell killing by radiation and that RLIP76- 
mediated transport of GSH-conjugates of these electrophiles 
provides protection from radiation. These findings confirmed 
prior findings that RLIP76-liposomes are excellent radio- 
protective agents [10,40], 

Cancer therapy target proteins must be expressed differ- 
entially in cancer as compared with normal cells, and the 
necessity for the presence of the target protein must differ 
between cancers vs. normal cells. Ideally, the target should be 
understood in context of existing biochemical and physiolo- 
gical frameworks and pathways known to play a direct role in 
carcinogenesis or in thwarting cancer therapy. In the present 
studies, we demonstrate that RLIP76 is a very promising target 
for therapy of prostate and other cancers, but important 
additional mechanistic and pre -clinical data is necessary to 
understand the role of RLIP76 in regulating key signaling 
pathways known to be important in carcinogenesis, drug- 
resistance, and the mechanisms of intrinsic drug-resistance in 
cancer. Other investigators have shown that binding of cdc2 to 
RLIP76 is essential to shut off endocytosis during mitosis, and 
yet others that over-expression of POB1 (partner of RLIP76) 
triggers apoptosis in prostate cancer cells [41,42]. Results of 
our present studies are in strong support of our hypothesis 
that prostate cancer cell depend on the function of RUP76 for 
survival. The RLIP76 antibody, siRNA or antisense, is a novel 
and promising therapeutic agent for the treatment of human 
prostate cancers. Further studies are required to elucidate its 
mechanism of action. 
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SURVIVIN ANTISENSE OLIGONUCLEOTIDES EFFECTIVELY RADIOSENSIT1ZE 
COLORECTAL CANCER CELLS IN BOTH TISSUE CULTURE AND MURINE 

XENOGRAFT MODELS 

Franz Rodel, Ph.D.,* Benjamin Frey, Ph.D.,* Werner Leitmann, M.S.,* Gianni Capalbo, Ph.D.,* 

Christian Weiss, M.D.,* and Claus Rodel, M.D.* 

♦Department of Radiation Therapy and Oncology, University of Frankfurt/Main, Frankfurt, Germany; * Department of Radiation 
Oncology, University of Erlangen, Erlangen, Germany; and * Lilly Deutschland GmbH, Bad Homburg, Germany 

Purpose: Survivin shows a radiation resistance factor in colorectal cancer. In the present study, we determined 
whether survivin messenger RNA levels in patients with rectal cancer predict tumor response after neoadjuvant 
radiochemotherapy and whether inhibition of survivin by the use of antisense oligonucleotides ( ASOs) enhances 
radiation responses. 

Methods and Materials: SW480 colorectal carcinoma cells were transfected with survivin ASO (LY2181308) and 
irradiated with doses ranging from 0-8 Gy. Survivin expression, cell-cycle distribution, yH2AX fluorescence, and 
induction of apoptosis were monitored by means of immunoblotting, flow cytometry, and caspase 3/7 activity. Clo- 
nogenic survival was determined by using a colony-forming assay. An SW480 xenograft model was used to inves- 
tigate the effect of survivin attenuation and irradiation on tumor growth. Furthermore, survivin messenger RNA 
levels were studied in patient biopsy specimens by using Affymetrix microarray analysis. 
Results: In the translational study of 20 patients with rectal cancer, increased survivin levels were associated with sig- 
nificantly greater risk of local tumor recurrence (p ~ 0.009). Treatment of SW480 cells with survivin ASOs and irra- 
diation resulted in an increased percentage of apoptotic cells, caspase 3/7 activity, fraction of cells in the G2/M phase, 
and H2AX phosphorylation. Clonogenic survival decreased compared with control-treated cells. Furthermore, treat- 
ment of SW480 xenografts with survivin ASOs and irradiation resulted in a significant delay in tumor growth. 
Conclusion: Survivin appears to be a molecular biomarker in patients with rectal cancer. Furthermore, in vitro and 
in vivo data suggest a potential role of survivin as a molecular target to improve treatment response to radiotherapy 
in patients with rectal cancer. © 2008 Elsevier Inc. 

Survivin, Apoptosis, Radiosensitization, Rectal cancer, Animal model. 



INTRODUCTION 

The success of radiation therapy is dependent on its ability to 
control tumor proliferation and induce cell death by causing 
irreparable cellular damage that finally triggers apoptosis (1- 
3). For patients with rectal cancer treated by using neoadju- 
vant radiochemotherapy, we and others previously showed 
that a high level of apoptotic tumor cells in pretreatment bi- 
opsy specimens emerged as a significant predictor for tumor 
response and long-term local control (4, 5). Close correlation 
between spontaneous and radiation-induced apoptosis and 
radiosensitivity also was confirmed in a panel of colorectal 
cancer cell lines in vitro (6). 

Although it is clear that apoptosis propensity is regulated 
by a variety of intrinsic factors, including p53 and members 
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of the bcl-2 family (3, 7, 8), a prominent role of survivin, the 
smallest and structurally unique member of the inhibitor of 
apoptosis (IAP) family (9), recently was shown for colorec- 
tal cancer tumorigenesis and prognosis (10-12). Survivin, 
originally identified in the late 1990s, shows regulatory 
functions for both control of cell division and inhibition of 
apoptosis (9, 13). Compared with most noncancerous tis- 
sues, survivin is overexpressed in human tumors and ap- 
pears to be highly related to resistance of tumor cells to 
anticancer treatment (14-16). In a retrospective analysis of 
patients with rectal cancer, we previously showed that 
immunohistochemically determined expression of survivin 
protein inversely correlated with pretreatment apoptosis 
and was associated with an unfavorable local control rate af- 
ter preoperative 5-fluorouracil-based radiochemotherapy 
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(17). In the clinical part of the present study, we sought to 
confirm these findings on messenger RNA (mRNA) levels 
by prospectively collecting fresh-frozen pretreatment tumor 
tissues from 20 patients with rectal cancer treated with a neo- 
adjuvant protocol of radiotherapy combined with capecita- 
bine and oxaliplatin (18). 

In recent years, several strategies were developed to inter- 
fere with survivin function or expression. These include ribo- 
zymes, small interfering RNAs, dominant-negative mutants, 
and cyclin-dependent kinase inhibitors (15, 19). The first sur- 
vivin inhibitors have now entered Phase I clinical trials. In the 
second part of this study, we therefore investigated the effects 
of combining irradiation with attenuation of survivin expres- 
sion in colorectal cancer cells both in vitro and in mice, ac- 
complished by using the Eli Lilly product LY2181308 (Eli 
Lilly and Company, Indianapolis, IN), an antisense oligonu- 
cleotide (ASO) against survivin mRNA. 

METHODS AND MATERIALS 

Patient characteristics and biopsy samples 

Pretreatment tumor tissue samples were obtained from 20 consec- 
utive patients with locally advanced rectal cancer (Union Internatio- 
nale Contre le Cancer Stages II and III) treated with preoperative 
radiotherapy and combined capecitabine (Xeloda) and oxaliplatin 
(Elotaxin) within a prospective Phase I/Q protocol (XELOX-RT). 
Details of this study were previously published (18). Median fol- 
low-up for the 20 patients at the time of analysis was 49 months 
(range, 7-69 months). Biopsy specimens of macroscopically normal 
mucosa were also obtained at a distance of 2 cm surrounding the tu- 
mor location. Tissue specimens were flash-frozen in liquid nitrogen 
and stored until extraction of mRNA after removal of portions 
needed for pathologic diagnosis to ensure that tumor specimens con- 
tained greater than 60% tumor cells. 

Microarray expression analysis 

Ten micrograms of total RNA were used to prepare biotinylated 
complementary RNAs. Hybridization of 15 fig °f labeled comple- 
mentary RNA was performed on HG-U133A Affymetrix microar- 
ray s (Affymetrix, Santa Clara, CA) as described (20). All arrays 
were globally scaled to a target value of 1,000, and intracellular 
survivin mRNA values (Affymetrix average difference units) were 
derived by using Microarray Suite 5.0 software. 

Immunohistochemical staining for survivin on tumor 
biopsies 

Before labeling, paraffin-embedded tumor samples were deparaf- 
finized and heated in 10 mM of citrate buffer (pH 6.0) for 20 minutes 
in a pressure cooker. Next, slides were blocked in 5% nonfat dry 
milk in phosphate-buffered saline (PBS), and primary antisurvivin 
antibodies (R&D Systems, Wiesbaden, Germany) were applied at 
a 1:50 dilution and incubated at 4°C overnight, followed by a bioti- 
nylated anti-rabbit secondary antibody (Dianova, Hamburg, Ger- 
many; dilution, 1 :50; 1 hour at room temperature) and strepavidin/ 
biotinylated alkaline phosphatase for 30 minutes. Finally 3-amino- 
9-ethyl-carbazole (AEC) solution was used as chromogen, and he- 
matoxylin (37%), for counters taining. Mean percentage of positive 
tumor cells and intensity of survivin staining were quantitated by 
using an Image-System (Optimas 6.2; Stemmer PC Systeme, 
Puchheim, Germany) and assigned to one of the following cate- 
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gories: 0 (<5%), 1 (5-25%), 2 (25-50%), 3 (50-75%), and 4 
(>75%) and 1 + (weak), 2 + (moderate), and 3 + (intense), resulting 
in an weighted score ranging from 0-12 (17). 

Cell culture 

The human colorectal adenocarcinoma cell line SW480 was 
obtained from the American Type Culture Collection (LGC- 
Promochem, Wiesbaden, Germany) and maintained in Dulbecco's 
modified Eagle's medium (DMEM; Biochrom, Berlin, Germany) 
supplemented with 10% heat-inactivated fetal calf serum (FCS), 
1% sodium pyruvate, 2 mM of glutamine, 100 U/mL of penicillin, 
and 100 /xg/mL of streptomycin (all supplements from Biochrom) 
at 37°C in 5% carbon dioxide and 95% humidity. 

In vitro transfection ofASOs and irradiation 

SW480 cells (5 x 10 5 ) were seeded in 25-cm 2 flasks 24 hours be- 
fore transfection, resulting in a confluence of the cell monolayer of 
50-60%. For cell culture experiments, 12 juL of Lipofectin reagent 
was incubated in 1 ,000 fiL of OptiMEM reduced serum medium (In- 
vitrogen, Karlsruhe, Germany) for 30 minutes, and survivin-specific 
synthetic, single-stranded DN A- ASO (LY 2 1 8 1 308), or a scrambled 
control ASO (LY 2293329; each 400 nM) was added to the mixture 
for 15 minutes. Next, cells were incubated for 24 hours at 37°C, and 
DMEM, supplemented with 20% heat-inactivated fetal calf serum, 
was added. Cells were irradiated an additional 24 hours later at 
room temperature by using X-ray orthovoltage-irradiation (Stabili- 
pan; Siemens, Munich, Germany) at 250 kV/15 mA/40 cm focus- 
surface distance at a dose rate of 1.15 Gy/rnin with single doses of 
0, 1,2, 4, 6, and8Gy. 

Western immunoblotting 

For immunoblotting, SW480 cells were lysed in RIPA buffer (50 
mM of Tris, pH 7.4, 150 mM of sodium chloride, 1% Triton X-100, 
1% deoxycholate) supplemented with protease inhibitors (1 mM of 
phenylmethyl-sulfonylfluoride, 10 /xg/mL of pepstatin, 10 jig/mL 
of aprotinin, and 5 fig/niL of leupeptin; all Sigma, Deisenhofen, 
Germany). Protein concentrations were determined by using 
a BCA-protein assay (Pierce, Rockford, IL); equal amounts of pro- 
tein (10 fig) were separated on a 12.5% sodium dodecyl sulfate- 
polyacrylamide gel and transferred to a nitrocellulose membrane 
(Hybond C; Amersham, Freiburg, Germany). Membranes were 
blocked in 5% nonfat dry milk in PBS for 30 minutes at room tem- 
perature and probed with rabbit antisurvivin antibodies (dilution, 
1:1000; R&D Systems, Wiesbaden, Germany) overnight at 4°C 
Next, membranes were incubated with horseradish-peroxidase- 
linked secondary antibodies (1:200; Dako, Hamburg, Germany) 
and developed by using an enhanced chemiluminescence detection 
system (Amersham) and autoradiography (BiomaxR Film; Kodak, 
Rochester, NY). To confirm equal protein loading, membranes 
were probed in parallel with a 1:2,000 dilution of an anti-/?-tubulin 
antibody (Biozol, Eching, Germany). 

Quantification of apoptosis, caspase 317 assay 

For quantification of apoptotic tumor cells, fluorescein isothio- 
cyanate (FTTC)-labeled recombinant chicken Annex in V (Responsif 
GmbH, Erlangen, Germany) was used in combination with propi- 
dium iodide (PI) to discriminate necrotic cells. In brief, 10 5 cells 
were resuspended in 500 /iL of Ringer's solution, incubated for 
30 minutes at 4°C in the dark with 1 fig of AxV-FITC/1 fig of PI, 
subsequently analyzed by using a Coulter EPICS-XL-flow cytome- 
ter (Coulter, Hialeah, FL) and SystemXL-II software (Coulter). Cas- 
pase 3/7 activity was analyzed in a 96-well microplate format using 
the Apo-ONE assay (Promega, Mannheim, Germany) according to 
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the manufacturer's recommendations. SW480 cells (1-3 x 10 5 ) 
were incubated for 90 minutes in a luciferase substrate mix, and lu- 
minescence activity was measured in a luminometer (Berthold, Bad 
Wildbad, Germany). 

Cell-cycle analysis 

Both adherent and detached SW480 cells (1 x 10 6 /ml) were 
collected by means of trypsinization and washed with PBS for 10 
minutes by centrifugation at 120 x g. Cells were resuspended in 
a hypertonic solution containing 1 /zg/mL of PI, 4 mmol/L of sodium 
citrate, 1 mg/mL of RNaseA (Boehringer, Mannheim, Germany), 
and 0.1% Triton X-100. Fluorescence activated cell sorter (FACS) 
analysis was performed using a Coulter EPICS-XL-flow cytometer 
(Coulter) and SystemXL-II software. 

Flow cytometry for phospho-histone yH2AX 

For analysis of serine- 139 phosphorylated histone H2AX, cells 
were irradiated with 2 Gy, detached by using Accutase treatment 
for 15 minutes (PAA, Pasching, Austria), pelleted by centrifugation 
(5 minutes at 120 x g), and fixed in 70% ethanol for 2 hours at 
-20°C. Before antibody labeling, samples were rehydrated with 
0.05 m of Tris-buffer (pH 7.4), centrifugated, and incubated in 
Tris buffer and 0. 1% Triton X-100 for 10 minutes on ice. Next, cells 
were incubated with either an FITC-conjugated anti-YH2AX anti- 
body at a 1:250 dilution or an isotype control antibody (both Up- 
state, Lake Placid, NY). Cells were fixed in 1% paraformaldehyde 
in PBS and analyzed using a Coulter EPICS-flow cytometer XL. 
Mean fluorescence of the isotype control was subtracted to eliminate 
unspecific background staining for every sample. 

3-(4,5-Methylthiazol-2-yl)-2,5-diphenyl~tetrazolium 
bromide assay 

Cells transfected 24 hours before with either survivin ASO or 
scrambled ASO were seeded at a density of 2-10 x 10 3 cells/200 
in a 96- well microplate, grown for 6 hours, and subsequently ex- 
posed to 8 Gy of irradiation. After 24, 48, and 72 hours of incubation 
at 37°C, 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro- 
mide (MTT; 20 /iL/well of a 5-mg/mL solution in PBS) was added 
for 4 hours. Solubilization of the converted purple formazan dye was 
accomplished by adding 50 /xL/well of 0.01 N hydrogen chloride/ 
20% sodium dodecyl sulfate, incubating overnight at 37 °C, and 
quantitated by measuring the absorbance at 570 nm using an en- 
zyme-linked immunosorbent assay reader (HTS 7000; Perkin 
Elmer, Rodgau, Germany) and Software HTS-Soft (Perkin Elmer). 

Clonogenic survival assay 

After transfection with either survivin ASO or scrambled ASO, 
SW480 cells were plated in complete DMEM medium into culture 
dishes and irradiated as previously described (7). After 10-14 
days, colonies were stained with methylene-blue solution for 30 
minutes and counted using an Automatic Colony Analyzing Ma- 
chine (ACAM, Erlangen, Germany). Calculation of survival frac- 
tions (SFs) was performed using the equation: SF = colonies 
counted/cells seeded x (plating efficiency/100), taking into consid- 
eration the individual plating efficiency. 

In vivo ASO treatment and X-irradiation 

Female athymic Naval Medical Research Institute (NMRI) nude 
mice (8-10 weeks old; Charles River, Sulzfeld, Germany) were kept 
in laminar flow rooms with a constant temperature of 22°C ± 0.5°C, 
55% humidity, and a 12-hour light/dark cycle in accordance with the 
requirements of the German Animal Welfare Act. For measurement 



of the in vivo radiosensitizing effect of survivin-specific synthetic 
single-stranded DNA-ASO, animals received a subcutaneous injec- 
tion of exponentially growing SW480 cells (4 x 10 6 /mice) into the 
right flank regions. After 7-9 days, when average tumor volume 
reached approximately 0.05-0.1 cm 3 (or 50-100 mg), mice were 
stratified into five groups of 5-10 animals each. Group 1 indicates 
no treatment; Group 2, irradiation with 3x3 Gy; Group 3, 
LY2181308-ASO monotherapy; Group 4, LSN2293329 mismatch 
control; and Group 5, combined treatment with X-irradiation and 
LY218 1308- ASO. The ASOs were dissolved in PBS and injected 
intraperitoneally into mice starting with 50 mg/kg body weight 
(BW) 1 day before irradiation and 25 mg/kg BW at Days 3 and 4 
at 2-4 hours before radiation therapy, followed by a single adminis- 
tration of 25 mg/kg B W on Days 7 and 9 of treatment. Irradiation of 
tumors was performed under inhalation anesthesia with isoflurane 
using a linear accelerator (Primart; Siemens) at a dose rate of 0.8 
Gy/min on Days 2,3, and 4 of treatment. Measurement of tumor vol- 
umes was started at Day 8 after inoculation of cells and tumor vol- 
ume was calculated according to the formula: volume (mm 3 ) = length/ 
width 2 /2. Percentage of tumor growth inhibition was calculated as 
follows: Inhibitory rate (%) = (Vcontrol - Vtreat)/Vcontrol x 100, 
where V represents tumor volume. 

Statistical evaluation 

Local failure rates were calculated by using the Kaplan-Meier 
method, and differences were analyzed by means of log-rank 
test. Experimental in vitro data are presented as mean ± SD from 
three or more independent experiments. Levels of significance 
were calculated using Student's Mest (Excel program; Microsoft, 
Unterschleissheim, Germany). The level of significance was 0.05 
(two sided) in all statistical testing. 

RESULTS 

Survivin mRNA levels as a predictor for treatment response 
to preoperative radiochemotherapy 

Intracellular survivin mRNA levels in 20 tumor biopsy 
specimens and the corresponding noncancerous mucosa of 
patients with rectal cancer treated within a prospective proto- 
col of preoperative XELOX-RT were determined by using 
Affymetrix HGU133 microarrrays. A significantly increased 
median intracellular mRNA level was observed in tumor bi- 
opsy specimens compared with normal mucosa: 2012.8 ± 
943.5 vs. 474.2 ± 295.2 Affymetrix average difference units 
(p < 0.001). Levels of intracellular survivin mRNA signifi- 
cantly correlated (KK = 0.763; p = 0.01) with levels of immu- 
nohistochemically detected protein expression in the same 
biopsy specimen (Fig. la). As shown in Fig. lb, high survivin 
mRNA levels (greater than median = 1,845.50 Affymetrix 
average difference units) were significantly related to in- 
creased risk of local relapse compared with tumors showing 
low intracellular survivin levels (p = 0.009). 

Inhibition of survivin by LY2181308 ASO in SW480 cells 
results in increased apoptosis and caspase 317 activity, 
decreased cell proliferation, altered cell-cycle distribution, 
and increased phospho-histone yH2AX 

Survivin-specific synthetic single-stranded DNA-ASO 
(LY 2181308) was used to knock down its expression in 
SW480 colorectal cell lines previously described to harbor 
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Fig. 1. Survivin messenger RNA (mRNA) level as a predictive 
marker of local control after neoadjuvant radiochemotherapy in pa- 
tients with rectal cancer, (a) Intracellular mRNA levels in 20 patients 
with locally advanced rectal cancer significantly correlated with im- 
munohistochemically determined protein level (labeling score) in 
the corresponding tumor biopsy specimens (p = 0.01). (b) Cumula- 
tive incidence plot of local relapses in 20 patients treated uniformly 
with a preoperative combination of radiotherapy and chemotherapy 
(XELOX-RT) according to a high (greater than median) or low (less 
than median) survivin mRNA level, determined in pretreatment bi- 
opsy specimens by using Affymetrix HGU133 microarray. 

high amounts of the protein (6). Western blot analysis of total 
cellular extracts 48 hours after transfection of ASO showed 
an 80% decrease in survivin protein expression compared 
with mock or mismatch ASO control (LY 2293329) trans- 
fected cells (Fig. 2a). 

To analyze whether survivin attenuation functionally af- 
fects the level of apoptosis, SW480 cells were irradiated 
with 8 Gy 48 hours after transfection with LY2181308- 
ASO and analyzed by using either AnnexinV-PI-staining or 
caspase 3/7 activity. As shown in Fig. 2b, the fraction of spon- 
taneous and radiation-induced apoptotic cells was signifi- 
cantly greater (p < 0.02) in survivin ASO-treated SW480 
cells at 24 and 48 hours after irradiation compared with non- 
treated or mismatch ASO-treated controls. Moreover, survi- 
vin ASO treatment resulted in a significant (p = 0.01) 
increase in caspase 3/7 activity in nonirradiated cells and 
more pronounced in irradiated SW480 cells (Fig. 2c). In par- 
allel, metabolic activity and cell viability significantly (p < 
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Fig. 2. Survivin antisense oligonucleotide (ASO) treatment attenu- 
ates survivin protein expression in SW480 colorectal cells and af- 
fects spontaneous and radiation-induced apoptosis and caspase 3/7 
activity, (a) Western immunoblots from total cellular proteins ex- 
tracted 48 hours after transfection with survivin-specific synthetic 
single-stranded DNA-ASO (LY2181308) using antibodies against 
survivin (1:750 dilution) and a-tubulin (1:1,000 dilution), (b) Apo- 
ptotic cells were determined by using AnnexinV FACS analysis in 
nontreated SW480 cells, as well as 24 and 48 hours after irradiation 
with 8 Gy. *p < 0.01 vs. mock-treated cells, (c) Caspase activity was 
quantitated by using a luciferase-based Apo-Glo assay (Promega, 
Mannheim, Germany) 48 hours after irradiation with 8 Gy. **p < 
0.03 vs. nontreated cells. Data expressed as mean ± SD from three 
independent experiments. 



0.01) decreased in nonirradiated survivin ASO-transfected 
cells, as well as 24 and 48 hours after irradiation (MTT assay; 
Fig. 3a). Cell-cycle analyses performed at 48 hours after ASO 
transfection showed a further increase in G2/M fraction in 
LY21 8 1 308-treated SW480 cells, indicating that a larger frac- 
tion of carcinoma cells was blocked in a more radiosensitive 
stage of the cell cycle compared with mock-treated or mis- 
match ASO control-treated cells (Fig. 3b). 
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Fig. 3. Survivin attenuation by LY 2181308 antisense oligonucleo- 
tide (ASO) affects cell viability and cell-cycle distribution and in- 
creases phospho-histone H2AX. (a) Metabolic activity determined 
using a 3-(4,5-methylthiazol-2-yl)-2,5-diphenyl-tetrazolium bro- 
mide (MTT) assay after transfection of survivin-specific ASO, 
ASO control, or nontreated cells without (0 Gy) and 24 or 48 hours 
after irradiation with 8 Gy. *p < 0.004. Data presented as mean ± 
SD from three repeated experiments, (b) Fixed SW480 carcinoma 
cells were labeled with propidium iodide (PI), and flow cytometry 
was used to measure DNA content 24 hours after transfection. Per- 
centages of cells in G2/M phase are shown in the individual plots. 
Data shown as one representative of three experiments, (c) Percent- 
age of serine- 139 phosphorylated-histone yH2AX fluorescence af- 
ter transfection with survivin-specific synthetic ASO, mismatch 
control ASO, or mock-treated cells and irradiation with 2 Gy as as- 
sessed by using FACS analysis. Data expressed as mean relative 
value ± SD from two independent experiments. *p = 0.02 vs. non- 
treated controls. 



Next, we analyzed whether attenuation of survivin also 
may affect radiosensitivity by mechanisms other than in- 
creasing apoptosis and caspase activity. Initial H2AX ser- 
ine- 139 phosphorylation was analyzed after ASO treatment 
and irradiation. As shown in Fig. 3c, induction of phospho- 
histone yH2AX, a marker of recognized DNA double-strand 
breaks, increased after survivin-specific ASO treatment in 
SW480 cells 60-120 minutes after irradiation compared 
with mismatch ASO control-treated or nontreated cells. 

Survivin as a radioresistance factor in both cell culture and 
a murine xenograft model system 

Clonogenic assays were performed after irradiation with 
1-8 Gy of SW480 cells treated with either survivin ASO or 
mismatch ASO control. Non-ASO-treated cells served as 
a control. As shown in Fig. 4a, inhibition of survivin shifted 
the survival curves down for SW480 cells with a reduction in 
the shoulder. Survival at 2-Gy irradiation (SF = 2) signifi- 
cantly decreased (0.28 vs. 0.44; p = 0.005) in survivin ASO- 
treated cells, resulting in a radiation-induced cytotoxicity 
enhancement factor of 1.8-2. 

On the basis of the radiosensitizing effect of survivin at- 
tenuation in vitro, we next investigated the pharmacologic 
activity of survivin-specific synthetic ASO in a murine 
SW480 xenograft model in which tumor volumes were mea- 
sured using a calliper. SW480 tumor-bearing mice were 
treated with 3 Gy/d fractions for 3 consecutive days starting 
on Day 2 of treatment. The ASO was administered intraper- 
itoneally at an initial dose of 50 mg/kg BW 1 day before ir- 
radiation (Day 1) and at Days 3 and 4 at 2-4 hours before 
radiation therapy, followed by a single administration of 
25 mg/kg BW on Days 7 and 9 of treatment. Mismatch 
ASO control- and mock-treated animals were used to deter- 
mine nonspecific effects of oligonucleotide treatment and 
tumor growth, respectively. Results (Fig. 4b) showed that 
both single administration of survivin ASO or fractionated 
irradiation alone resulted in decreased tumor volumes. Com- 
bining survivin ASO and irradiation resulted in significant 
inhibition (p = 0.0001) of tumor growth that was more pro- 
nounced than treatment with either irradiation or survivin 
ASO monotherapy. 

Inhibition of survivin protein expression by ASO in 
tumor xenografts 

To provide evidence that inhibition of tumor growth by 
survivin ASO was caused by its ability to specifically abro- 
gate protein levels in vivo, survivin expression was assayed 
in paraffin-embedded tumor samples of respective mice on 
Day 6 after the start of treatment. Consistent with results in 
vitro, tumors treated with LY 21 8 1 308 showed decreased ex- 
pression of survivin protein compared with tumors derived 
from mismatch control ASO- and mock-treated animals. Im- 
munoreactivity of survivin (Fig. 5a) and survivin-expressing 
tumor cells was significantly decreased in tumors treated with 
survivin ASO and more pronounced after combined survivin 
ASO treatment and irradiation (p < 0.0001; Fig. 5b). These 
results suggest that inhibition of tumor growth is attributable 
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Fig. 4. Survivin as a radioresistance gene in both cell culture and 
a murine xenograft model system, (a) Effect of survivin attenuation 
on clonogenic survival of SW480 cells transfected with either survi- 
vin-specific single-stranded DNA-antisense oligonucleotide (ASO) 
or ASO control. Nontreated cells served as a control. After 12-14 
days, colonies greater than 50 cells were counted and survival frac- 
tions normalized to the plating efficiency were fitted according to the 
linear quadratic equation. Data shown as mean ± SD from three ex- 
periments, (b) SW480 adenocarcinoma were injected subcutane- 
ously into NMRI nude mice and tumor growth was monitored by 
using callipers. When average tumor volume reached approximately 
0.05-0.1 cm 3 , mice were stratified into five groups of 5-10 animals 
each. Group 1 indicates no treatment; Group 2, X-irradiation with 3 
x 3 Gy; Group 3, LY2181308-ASO monotherapy; Group 4, 
LY2293329 mismatch control; and Group 5, combined treatment 
with X-irradiation and LY2181308-ASO. ASO was injected intra- 
peritoneally starting with 50 mg/kg of body weight (BW) 1 day be- 
fore irradiation and 25 mg/kg BW at Days 3 and 4 at 2-4 hours 
before irradiation and on Days 7 and 9. Mean values of tumor vol- 
umes for each treatment group are shown. 

to decreased levels of the antiapoptotic protein in tumor 
xenografts. 

DISCUSSION 

By disturbing the balance between proliferation and cell 
death, defects in the apoptosis pathway contribute to a variety 
of diseases, including cancer (21). In this context, alterations 
in expression of apoptosis-related proteins, such as the LAP 
family, show a pivotal pathway by which cancer cells ac- 
quire resistance to therapeutic treatment (22-24). Of these 



antiapoptotic and prosurvival factors, survivin, the smallest 
member of the IAP family, deserves growing attention as 
an interesting biomarker and ideal molecular target for can- 
cer therapy because of its universal overexpression in human 
tumors and its prominent role in the regulation of both tumor 
cell apoptosis and cell proliferation (25-27). 

In patients with rectal cancer, immunohistochemically de- 
termined expression of survivin protein previously was asso- 
ciated with unfavorable local control rates after preoperative 
5-fluorouracil-based radiochemotherapy in a retrospective 
analysis (28). In line with that, our prospectively collected 
microarray gene profiling data for tumor biopsy specimens 
from 20 patients with rectal cancer treated by using an inno- 
vative combination of radiotherapy and capecitabine/oxali- 
platin showed that increased intracellular survivin mRNA 
levels were associated with a significantly greater risk of lo- 
cal tumor relapse. These data agree with molecular profiling 
studies and retrospective analyses in a variety of patient co- 
horts that consistently identified survivin as a risk factor for 
cancer progression and poor prognosis (29, 30). Increased 
survivin levels emerged as a prognostic marker and seem 
to confer tumor cells greater adaptability, proliferative ca- 
pacity, and resistance to cell death, which translates into 
clinically worse disease (27). This was strengthened further 
by the discovery that compared with normal tissues, survivin 
constituted the fourth top "transcriptome" in colorectal, 
lung, brain, and breast cancer, shown by genome-wide 
searches (30). This reflects an "oncofetal" pattern of expres- 
sion because survivin is highly expressed in embryonic or- 
gans, is nearly undetectable in most differentiated normal 
tissues, and becomes dramatically reexpressed during tumor 
development (11, 27). Additionally, survivin participates in 
the cellular stress response, in which binding of the protein 
to the molecular chaperone heat shock protein (HSP) 90 
helps tumor cells cope with unfavorable environments and 
other exogenous stresses and thus preserve ceil proliferation 
and cell viability (26, 31). Conversely, global suppression of 
HSP90 chaperone function or disruption of the survivin- 
HSP90 interaction results in proteasomal degradation of sur- 
vivin, initiates mitochondrial apoptosis and cell-cycle arrest, 
and suppresses cell proliferation (31). 

Given such strong evidence implicating the role of survivin 
in enhancing the progression and malignant potential of can- 
cer cells, we further investigated whether survivin attenuation 
may increase tumor response of SW480 colorectal cancer 
cells toward irradiation. We showed that inhibition of survivin 
by the Eli-Lilly product survivin-specific synthetic single- 
stranded DNA-ASO (LY2 181308) resulted in significant 
inhibition of metabolic activity, increased apoptosis, and de- 
creased clonogenic survival when combined with irradiation. 
These radiosensitization effects were confirmed in an ortho- 
topic xenograft transplant model in nude mice by significantly 
decreasing tumor growth of SW480 colorectal cancer cells 
when treated with survivin-specific ASO and irradiation. 
The observation that survivin ASO produces a radiosensitiz- 
ing effect is consistent with previous studies in which survivin 
was specifically targeted by a panel of molecular antagonists. 
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Fig. 5. Inhibition of survivin protein levels by antisense oligonucleotide (ASO) in tumor xenografts, (a) To provide evi- 
dence that inhibition of tumor growth by survivin ASO was caused by its ability to specifically approgate protein levels in 
v/vo, survivin expression was irnmunohistochemically assayed in paraffin-embedded tumor samples of mice (A) without 
treatment, (B) treated with mismatch ASO control, (C) survivin ASO monotherapy, and (D) treated with survivin ASO and 
radiation on Day 6 after the start of therapy, (b) Quantitative data obtained by using immunohistochemical analysis given as 
mean ± SD from three to four individual tumors/group. *p < 0.0001. 
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Several groups, including our own, showed that suppression 
of survivin by using synthetic ASO (32, 33), ribozymes 
(34), small interfering RNA (28, 35, 36), or dominant-nega- 
tive mutants (37) effectively radiosensitized human tumor 
cells. However, the underlying mechanisms by which antisur- 
vivin strategies may improve radiation response appear to be 
multifaceted and may involve caspase-dependent and cas- 
pase-independent mechanisms, such as impaired DNA repair, 
altered cell-cycle distribution, mitotic arrest, and subsequent 
cell death (28, 37). Interestingly, a greater incidence of 
DNA double-strand breaks after irradiation was observed in 
our study, indicated by a greater amount of Ser 139 -phoshory- 
lated histone yH2AX staining 60-120 minutes after survivin- 
specific ASO treatment and radiation. Decreased DNA repair 
capacity on radiation exposure in the presence of survivin in- 
hibitors was also reported by Chakravarti et al (37). Using 
a dominant-negative survivin construct, this group reported 



a significantly greater degree of double-strand DNA damage, 
which may contribute to decreased clonogenic survival after 
irradiation in the presence of survivin inhibitors. 

In conclusion, our results suggest that survivin shows 
a radioresistance factor and molecular biomarker, predict- 
ing tumor response in patients with rectal cancer treated 
with neoadjuvant radiochemotherapy. Pharmacologic ap- 
proaches targeting survivin in tumors overexpressing this 
protein may strongly increase the therapeutic ratio of radio- 
therapy. Supported by a favorable safety profile, the survi- 
vin ASO LY2181308 has already entered the clinic and 
currently is planned to undergo Phase I/n evaluation as 
monotherapy in patients with hepatocellular cancer. Our 
clinical, in vitro, and animal data provide a strong rationale 
for combining molecular survivin antagonists and radio- 
therapy in future clinical trials specifically for patients 
with rectal cancer. 
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Matrix metalloproteinase-9 Inhibition Down-Regulates 
Radiation-Induced Nuclear Factor-KB Activity 
Leading to Apoptosis in Breast Tumors 

Sateesh Kunigal, 1 Sajani S. Lakka, 1 Pushpa Joseph, 2 Norman Estes, 3 and Jasti S. Rao 1,4 



I Abstract Purpose: Novel strategies are needed to prevent the high mortality rates of several types of 

| cancer. These high rates stem from tumor resistance to radiation therapy, which is thought to result 

| from the induction of matrix metalloproteinases (MMP) and plasminogen activators. In the pres- 

I ent study, we show that the modulation of MMP-9 expression, using adenoviral-mediated transfer 

j of.the antisense MMP-9 gene (MMP-9 adenoviral construct, Ad- MMP-9), affects breast cancer 

j sensitivity to radiation. ■ / 

\ Experimental Design: In the present study, we used antisense Ad- MMP-9 to down-regulate 

! the expression of MMP-9 in MDA MB 231 breast cancer cell lines in vitro before irradiation and 

i subsequently incubated cells in hypoxic condition. In vivo studies were done with orthotopic 

| breast tumors, and radiosensitivity was evaluated both in vitro and in vivo. 

Results: Ad-MMP-9 infection resulted in down-regulation of radiation-induced levels of hypoxia- 
i inducible factor 1 a and MMP-9 under hypoxic conditions in MDA MB 231 breast cancer cells, 

j In addition, Ad-MMP-9, in combination with radiation, decreased levels of the transcription 

; factors nuclear factor-KB and activator protein 1, both of which contribute to the radioresist- 

ance of breast tumors. Finally, the triggering of the Fas - Fas ligand apoptotic cascade, which 

resulted in the cleavage of PARP-1 and caspase-10, caspase-3, and caspase-7, signifies the 
! efficiency of combined treatment of Ad-MMP-9 and radiation. Treatment with Ad-MMP-9 plus 

radiation completely regressed tumor growth in orthotopic breast cancer model. j 
! Conclusions: In summary, integrating gene therapy (adenovirus-mediated inhibition of MMP-9) j 

with radiotherapy could have a synergistic effect, thereby improving the survival of patients with j 

breast cancer. 

i _j 



Radiotherapy provides a key management strategy for many 
epithelial tumor types, forms part of the multidisciplinary 
approach for breast cancer treatment and is now of routine 
value after conservative surgery to reduce locoregional tumor 
recurrence. However, the significant limitations of radiotherapy 
make it inefficient as the sole treatment for breast and many 
other cancers. Some cancer cells are intrinsically resistant to 
damage by ionizing radiation, and treatment can actually 
induce tumor cell proliferation and repopulation, resulting in a 
diminished response to radiation, resistant growth, and poor 
local control (1). Hypoxia-driven cellular modifications have 
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been shown to contribute to this poor prognostic outiook, 
giving rise to more aggressive locoregional disease, invasive 
capacity, and angiogenesis (2). 

Intratumoral hypoxia plays a pivotal role in activating the key 
transcription factor, hypoxia-inducible factor (HIF), which 
mediates activation of the "survival machinery" in cancer cells. 
Specifically, HIF1 regulates the expression of numerous genes 
and controls glycolysis, erythropoiesis, apoptosis, and angio- 
genesis (3). Studies have shown that HIFla activity promotes 
tumor growth in vivo (4). Hypoxic tumor regions show 
increased gene expression caused by hypoxia-induced activa- 
tion of transcription machinery (5, 6). Several of the gene 
products induced or up-regulated under hypoxic conditions 
play pivotal roles in the metastatic process, and studies have 
suggested that hypoxia could promote metastasis in human 
cancer (5). Hypoxia also activates nuclear factor-KB (NF-kB) 
(7), a transcription factor important in the promotion and 
progression of tumor development and survival (8). As such, 
inhibition of these pathways represents a potentially important 
cancer therapeutic. 

Cancer cells often develop radioresistance mechanisms 
related to the DNA repair response. By combining chemother- 
apy and radiation therapy, radiation efficiency may be 
strengthened by inhibiting DNA repair and overcome resistance 
to apoptosis. NF-kB is activated by DNA-damagjng agents and 
could be involved in cell cycle arrest and prevention of 
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apoptosis, allowing DNA repair (9). However, sustained NF-kB 
activation could permit cells with accumulated radiation- 
induced DNA damage to escape elimination by apoptosis 
(10). Indeed, high constitutive NF-kB activity prevents cancer- 
ous cells from apoptosis (11), resulting in a more aggressive 
potential seen in prostate cancer (12), malignant melanomas, 
Hodgkin's disease, leukemia, breast cancer, and cutaneous 
T-cell lymphoma cancer cell lines (13). 

The transcription factor activator protein 1 (AP-1) comprises 
members of the Jun and Fos families and has been implicated in 
the regulation of apoptosis and cell proliferation (14). Studies 
suggest that Jun B and c-Jun may trigger apoptosis and promote 
proliferation of erythroid cells, respectively (15). Activation of 
Spl, another key transcription factor, occurs under hypoxic 
conditions in various cancer cells, including breast carcinoma 
(16, 17). Thus, agents that enhance apoptosis in irradiated 
tumor cells could have significant therapeutic benefits. 

Degradation of the extracellular matrix plays an important 
role in tumor metastasis. Matrix metalloproteinases (MMP) 
have been primarily associated with matrix remodeling, a 
necessary component of invasion. It has been reported that 
preoperative, short-course radiotherapy decreases local recur- 
rence rates (e.g., rectal cancer) and, combined with optimal 
surgery, improves patient survival. Although radiotherapy has 
proved benefits, several reports show an increase in expression 
and activation of gelatinase MMPs (18). Initially, MMPs were 
thought to simply breakdown components of the extracellular 
matrix, allowing for invasion and metastasis. However, recent 
studies confirmed that MMP activity involves precise MMP 
localization on a cell's invasive front, exposure of key 
components in the extracellular matrix transform it from a 
barrier into a scaffold for invasion, and cleavage of free insulin- 
like growth factors result in cell growth, division, and 
inhibition of apoptosis (19). 

Hypoxia-targeted gene therapy presents a number of inter- 
esting developments and applications in modern oncology. 
Attempts are currendy being made to overcome the adverse 
effects and limitations of radiation and exploit resistant hypoxic 
tumor cells using combination gene therapy and radiotherapy. 
In this study, we combined radiation with down-regulated 
MMP-9, which reduced hypoxia by using a replication-deficient 
recombinant adenovirus containing a 528-bp antisense expres- 
sion segment for human MMP-9 (Ad-MMP-9AS or Ad-MMP-9; 
ref. 20) to treat breast cancer tumors. Our results indicated that, 
after the combined treatment, transcription factor activity 
controlling the expression of the oncoproteins was reduced 
and proapoptotic molecules were up-regulated, resulting in 
increased apoptosis and tumor suppression. 



Materials and Methods j 

Cell culture and treatments. MDA MB 231 human breast cancer 
cells were purchased from the American Type Culture Collection and 
cultured in DMEM supplemented with 10% fetal bovine serum in a 
humidified C0 2 incubator at 37 °C. MDA MB 231 cells were serum- 
starved for 12 to 18 h and treated with 100 multiplicity of infection of 
the empty vector (Ad-CMV) or antisense MMP-9 adenoviral construct 
(Ad-MMP-9). Either Ad-MMP-9 or Ad-CMV was added to the cell 
monolayer (1.0 mL/60-mm dish or 3 mL/100-mm dish), and cells were 
incubated at 37°C for 60 min with brief agitation every 5 min. The 
necessary amount of culture medium was then added, and cells were 
returned to the incubator. For the radiation treatment, the cells were 



starved of serum, exposed to 5 Gy, and returned to the incubator after 
the addition of the necessary amount of complete culture medium. For 
the treatment combination of virus and radiation, the cells were first 
infected with 100 multiplicity of infection of Ad-MMP-9 or Ad-CMV, 
and 24 h later, the cells were irradiated with 5 Cy. After the above- 
described treatments, the cells were incubated in hypoxic condition for 
a period of 12 to 16 h. The hypoxic condition was accomplished with 
the Anaerocult mini setup (EM Science). 

Reverse transcription -PCR. Total RNA was isolated from cells in all 
treatment conditions using TRIzol per standard protocol. Total RNA 
was treated with DNase I (Invitrogen) to remove contaminating 
genomic DNA. PGR analysis was done using the one-step reverse 
transcription -PCR kit (Invitrogen). Glyceraldehyde-3-phosphate dehy- 
drogenase (GAPDH) was used as an internal control. The following 
primers were used: 

HIFla 5'-AGTCTCCAACATGGAAGG-3' sense, 

5'-CACGACnTGATnTCrCCC-3 / antisense; 
MMP-9 5'-TGGACGATGCCTGCAACGTC-3'sense, 

5'-GTCGTGCGTGTCCAAAGGCA-3 antisense; 
GAPDH 5'-CGGAGTCAACGGATiTGGTCGTAT-3 sense, 

S'-AGCCTTCTCCATG GTGGTGAAGAC-3 antisense. 

The PCR conditions were as follows: 95 °C for 5 min, followed by 30 
cycles of 95 °C for 1 min, annealing temperature set according to the AT 
and GC content of the primers, respectively, for 1 min and 72 °C for 
1 min. The final extension was at 72 °C for 5 min. 

Electromobility shift assay. Nuclear extracts were prepared from 
MDA MB 231 cells that were treated with Ad-MMP-9, radiation, or 
both. Cells were detached with EDTA, resuspended in buffer A 
[10 mmol/L HEPES (N-2-hydroxyethylenepiperazine-N'-2-ethanesul- 
fonic acid; pH 7.9), 1.5 mmol/L MgCl 2 , 10 mmol/L KC1, 0.5 mmol/L 
DTT] containing protease inhibitors (1 mmol/L phenylmethylsulfonyl 
fluoride, 5 mmol/L iodoacetamide, 0.1 mmol/L quercetin, 10 ug/mL 
aprotinin, 10 Ug/mL leupeptin, 0.3 mmol/L sodium vanadate), and 
incubated on ice for 15 min. After homogenization in a Wheaton 
0.1-mL homogenizer, the nuclei were collected by centrifugation. The 
pellet was resuspended in buffer B [20 mmol/L HEPES (pH 7.9), 25% 
glycerol, 1.5 mmol/L MgCl 2 , 420 mmol/L NaCl, 0.2 mmol/L EDTA 
0.5 mmol/L DTT] containing protease inhibitors and incubated on ice 
for 30 min, followed by centrifugation at 13,000 x g (5 min at 4°C). 
Hie supernatant was dialyzed against buffer C (20 mmol/L HEPES, 20% 
glycerol, 100 mmol/L KC1, 0.2 mmol/L EDTA 0.5 mmol/L DTT) 
containing protease inhibitors for 2 h at 4°C, followed by centrifuga- 
tion at 13,000 x g (5 min at 4°C). The supernatant proteins were used 
immediately or aliquoted and stored at -80°C. 

Binding reaction was done for 30 min on ice in a volume of 20 uL, 
containing 4 \x% nuclear protein extracts, 40 ng poly(dl-dC), 4 \ih 5 x 
binding buffer [lx binding buffer 20 mmol/L HEPES (pH 7.9), 
50 mmol/L KC1, 5 mmol/L MgCl 2 , 1 mmol/L EDTA 1 mmol/L DTT, 
10% glycerol] with or without 20-fold to 50-fold excess of cold com- 
petitor or unrelated competitor and a 32 P-labeled probe (3xl0 4 cpm). 
For supershift electrophoretic mobility shift assay, protein extracts were 
incubated with 6 ug SP1 monoclonal antibody or isotype control before 
the addition of the 32 P-labeled probe. DNA-protein complexes were 
separated on 5% polyacrylamide gel in Tris/glycine buffer at 4°C. The 
following double-stranded oligonucleotides (Santa Cruz Biotechnology) 
were used in this study: 

NF-kB S'-AGT TGA GGG GAC TIT CCC AGG C-3' and 3'-TCA ACT 

CCC CTC AAA GGG TCC C-5'; 
AP-1 5'-CGC TTG ATG ACT CAG CCG GAA-3' and 3' GCG AAC TAC 

TGA GTC GGC CIT-5'. 

End-labeled probes were prepared with 40 uCi (1,480 MBq) [7- 32 P] 
ATP using T4 polynucleotide kinase and were gel-purified on NAP-5 
Sephadex G-25 DNA-grade columns. 
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Western blot analysis. MDA MB 231 cells were treated with Ad- 
CMV, Ad-MMP-9, radiation of 5 Gy, or a combination (Ad-MMP-9 plus 
radiation) and incubated under hypoxic conditions as described earlier. 
After the incubation period, the cells were washed with ice-cold PBS 
and lysed in radioimmunoprecipitation assay buffer containing 
protease inhibitors. Whole-cell extracts were subjected to SDS-PAGE 
and subsequently transferred to a polyvinylidene di fluoride membrane 
(Bio-Rad). The membranes were blocked with 7% nonfat dry milk and 
probed with antibodies for the following molecules: MMP-9, H IF lot, 
extracellular signal-regulated kinase 1/2 (ERK1/2), phosphorylated 
ERK, NF-kB, p50, p65, c-fos, jun D, AP-1, Fas, Fas ligand (Fas-L), 
caspase-10, caspase-3, caspase-7, and PARP-1. Appropriate antibody 
conjugate with horseradish peroxidase was used as the secondary 
antibody. Membranes were developed according to an enhanced 
chemiluminescence protocol as per the manufacturer's instructions 
(Amersham Biosciences). Nuclear and cytoplasmic fractions for 
Western blotting were prepared as described elsewhere (21). 

Gelatin zymography. Gelatin-substrate gel electrophoresis was done 
as described previously (22). MDA MB 231 cells were transfected with 
Ad-CMV, Ad-MMP-9, radiation of 5 Gy, or a combination (Ad-MMP-9 
plus radiation) and incubated under hypoxic conditions as described 
earlier. To collect conditioned media, cells were washed once with 
serum-free medium and incubated with fresh serum-free medium. After 
12 to 14 h, conditioned medium was collected and centrifuged to 
remove cellular debris, and protein concentrations were determined. 
Equal amounts of protein were subjected to 0.1% gelatin SDS-PAGE 
under nonreducing conditions. Gels were washed in 2.5% Triton X-100 
and incubated overnight in Tris-CaCl 2 buffer. The gels were then 
stained with 0.2% Coomassie blue for 30 min and destained in 20% 
methanol and 10% acetic acid. The dear bands represent gelatinase 
activity. 

Clonogenic survival assay. A clonogenic survival assay was used to 
investigate the sensitivity of MDA MB 23 1 cells infected with Ad-MMP-9 
to radiation therapy as described previously (23). Briefly, the cells were 
treated as described earlier. The MDA MB 231 cells were trypsinized and 
plated in 100-mm dishes to assay for their colony-forming ability 
immediately after irradiation under hypoxic condition. Colonies were 
counted 10 to 15 d later. Survival curves were plotted using the 
GraphPad Prism 3.0 software program. 

Animal experiments. MDA MB 231 cells were cultured in complete 
medium until a 70% to 80% density was obtained. At this point, cells 
were trypsinized, washed once with serum-free medium, and counted. 
Cells were injected bilaterally into the second mammary fat pads of 
athymic, female, 4-wk-old to 6-wk-old nu/nu mice (5-6 x 10 6 /100 uL 
serum-free culture medium). Tumor growth was monitored daily. Once 
the tumor reached - 6 to 8 mm in size, the animals were divided into 
five groups of five animals each. Group 1 received PBS injections, group 
2 received three doses of 5 x 10 8 plaque-forming units intratumorally 
on alternate days, group 3 received three doses of 5 x 10 s plaque- 
forming units intratumorally on alternate days, group 4 was irradiated 
with two doses of 5 Gy on alternate days, and group 5 received Ad- 
MMP-9 and radiation treatments. In the case of the combined 
treatment, the tumors were first given intratumoral injections of 
Ad-MMP-9 on alternate days. Then, after the third dosage, the tumors 
were given two doses of 5 Gy on alternate days. The regression in the 
orthotopic tumor growth was followed for up to 8 wk. Mice were 
euthanized when the tumor diameter in control mice measured 
between 1.2 and 1.5 cm were removed and further processed. 
Additionally, as there was no tumor in animal treated with the 
Ad-MMP-9 infection in combination with irradiation, we included one 
more group of five animals that received combined treatment. The 
animals with tumor were euthanized after 15 d post combined 
treatment Finally, the tumor volume was calculated using the formula 
V = 71 / 6 (a x b x c). 

Immunohistochemistry. Tumor samples fixed in 10% neutral buff- 
ered formalin were embedded in paraffin using automatic embedding 
equipment, after which 5-um sections were prepared. Immunohisto- 



chemical analysis for MMP-9, HIFlot, and caspase-3 was done on 
paraffin-embedded breast tumor sections of mice treated with Ad-CMV, 
Ad-MMP-9, irradiation, and Ad-MMP-9 infection in combination with 
irradiation. 

Terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling 
assay. Terminal deoxynucleotidyl transferase biotin-dUTP nick end 
labeling (TUNEL) assay was done with paraformaldehyde-fixed, 
paraffin-embedded breast tumor sections as per the manufacturer's 
protocol. Briefly, the TUNEL method identifies apoptotic cells in situ by 
using terminal deoxynucleotidyl transferase to transfer biotin-dUTP to 
the free 3'-OH of cleaved DNA. The biotin-labeled cleavage sites are 
then visualized by reaction with fluorescein-conjugated avidin (avidin- 
FITC). The cells were visualized using a fluorescent microscope with 
appropriate filter sets. DNA fragmentation in these treated tumors is 
indicative of apoptotic cell population. 



Results 



Ad-MMP-9 infection inhibits radiation-induced MMP-9 and 
HIF1 a expression at both the mRNA and protein levels in breast 
cancer cells. We analyzed the effect of Ad-MMP-9 (adenoviral 
construct of antisense to MMP-9 gene) on the MDA MB 231 
cell line, which is the most aggressive breast cancer cell line 
for MMP-9 and HIFla expression at the mRNA level. Reverse 
transcription -PCR analysis showed that Ad-MMP-9 infection 
inhibited MMP-9 and HIFla at the mRNA level when 
compared with control or Ad-CMV (empty vector) -infected 
MDA MB 231 cells under hypoxic conditions (Fig. 1A). In 
contrast, radiation alone augmented the expression level of 
these molecules. Treatment with Ad-MMP-9 plus radiation 
inhibited expression levels more than Ad-MMP-9 infection 
alone. The level of MMP-9 was reduced by nearly 40% in the 
Ad-MMP-9 -treated cells when compared with mock and Ad- 
CMV treatments; MMP-9 level was reduced by >50% when 
cells were treated with Ad-MMP-9 plus radiation. Conversely, 
in the cells that were treated with radiation alone, the level of 
MMP-9 was 50% higher than in the control cells (Fig. 1A). 

Similarly, the expression level of HIFla at the mRNA level in 
the irradiated cells was increased by 30% compared with the 
control and Ad-CMV- infected cells. Ad-MMP-9 treatment 
alone inhibited the expression of HIFla by 25% compared 
with the controls; combined treatment of Ad-MMP-9 and 
radiation resulted in a 60% reduction of HIFla compared with 
the controls. These results support the earlier findings of 
Moeller et al. (24) that radiation increased the levels of active 
HIF1 and that the hypoxic condition is responsible for the poor 
response of the tumors to radiotherapy (Fig. 1A and B). 
Western blot analyses using respective antibodies against 
MMP-9 and HIFla support the reverse transcription - PCR 
analysis results, where the level of MMP-9 was reduced nearly 
40% to 45% in the Ad-MMP-9 - treated cells compared with the 
control and Ad-CMV treatment and by more than 60% to 
70% when cells were infected with Ad-MMP-9 in combination 
with radiation. Conversely, in the cells treated with radiation 
alone, the level of MMP-9 was 30% more than in the control 
cells (Fig. 1C and D). 

In addition, analysis of MMP-9 activity by gelatin zymog- 
raphy using conditioned medium from the treated cells 
revealed decreased levels of MMP-9 activity in Ad-MMP-9 - 
infected cells compared with the controls. MMP-9 activity was 
even further reduced with the combined treatment. In contrast, 
we observed an almost 2-fold increase in MMP-9 activity in the 
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Fig. 1. Ad-MMP-9 infection inhibits radiation -induced MMP-9 and HIF1 a expression at both the mRNA and protein levels in breast cancer cells. A briefly, MDA MB 231 cells 
were infected with Ad-CMV (100 multiplicity of infection), Ad-MMP-9 (100 multiplicity of infection), irradiation (//?; 5 Gy), or a combination of Ad-MMP-9 (100 multiplicity of 
infection) and irradiation (5 Gy), and incubated under hypoxic conditions as described in Materials and Methods. After 12 to 16 h of incubation, total RNA was extracted 
using TRIzol reagent and quantitated, and reverse transcription - PCR was done for assessment of MMP-9 and HIF1 - a levels. Expression of GAPDH was verified for the 
equal loading of cDNA. B, densitometry analysis of MMP-9 and HIF1-a expression at the mRNA level (mean ± SE; n = 3). C, after incubation, cell lysates were prepared and 
used for Western blot analysis to determine the levels of MMP-9 and HIF1 a GAPDH was also used as a control to confirm equal loading of cell lysates. D, densitometry 
analysis of MMP-9 and HIF1-a expression at the protein level (mean ± SE; n = 3). £, MMP-9 activity was analyzed by gelatin zymography using equal amounts of protein from 
the conditioned medium as described in Materials and Methods. F, densitometry analysis of MMP-9 activity (mean ± SE; n - 4). 



irradiated cells when compared with the control and Ad-CMV - 
treated cells (Fig. IE and F). 

Treatment with Ad-MMP-9 and radiation decreases the 
binding activity of NF-kB and AP-1. Ionizing radiation is 
reported to induce activation of NF-kB and AP-1 (25). Poynter 
et al. have reported on the phosphorylation and dephosphory- 
lation of members of the ERK family of the mitogen-activated 
protein kinase cascade and the events leading to activation of 
the transcription factor NF-kB. These cascades are critical for 
the transcriptional up-regulation of genes important for cell 
survival, apoptosis, proliferation, transformation, and inflam- 
mation (26). Furthermore, it is known that ionizing radiation 
augments phosphorylation of ERK (27). Western blot analysis 
using whole-cell extracts of the cells treated with Ad-MMP-9 
and Ad-MMP-9 in combination with radiation showed 
reduced phosphorylation of ERK, whereas irradiated cells 



showed increased phosphorylation when compared with the 
controls (Fig. 2A). Activation of the binding activities of these 
transcription factors in tumor cells contributes to MMP-9 
transcription and cell invasion (28). Western immunoblot 
analysis using the nuclear fractions from the treated cells 
showed reduced translocation of p50 and p65 (subunits of 
NF-kB) and c-fos and Jun D (subunits of AP-1) to the nucleus 
in the Ad-MMP-9 - treated cells, and further reduction in the 
cells was treated with Ad-MMP-9 in combination with 
radiation compared with the controls. In contrast, analysis of 
the cytoplasmic fractions showed reduced signals for the 
above-said molecules in the Ad-MMP-9 -treated cells, and 
further reduction in the cells treated with Ad-MMP-9 in com- 
bination with radiation compared with the controls (Fig. 2B). 
However, a slight increase of NF-kB and AP-1 translocation to 
the nucleus was seen in radiated cells alone when compared 
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with the controls. Furthermore, we analyzed the DNA-binding 
activities of NF-kB and AIM in the nuclear extracts using 
NF-kB and AP-1 -specific oligonucleotide probes (electropho- 
retic mobility shift assay). In the cells treated with Ad-MMP-9 
or Ad-MMP-9 plus radiation, the DNA-protein complex was 
decreased when compared with the control and irradiated 
cells. Hie specificity of the NF-kB -DNA and AP-1 -DNA 
complexes was confirmed by supershift assay using specific 
antibodies (Fig. 2C). 

Down-regulation of MMP-9 and radiation induces apoptosis in 
breast cancer cells. Because radiation-induced NF-k B activation 
leads to cell survival, we next examined whether Ad-MMP-9 
treatment in combination with radiation could cause apoptosis. 
Western immunoblot analysis showed the up-regulation of Fas 



in the Ad-MMP-9, radiation, and combination treatments. 
However, Fas-L was up-regulated only in the Ad-MMP-9 - 
treated and Ad-MMP-9 plus radiation-treated cells compared 
with the controls and radiation alone treatment (Fig. 3A). 
The densitometric analysis also revealed an increase of Fas 
( - 1.5-fold) and Fas-L ( ~ 1.8-fold) expression in the Ad-MMP- 
9 -infected cells, in combination with irradiation compared 
with the irradiation alone. We also looked downstream of this 
cascade. Western blot analysis revealed the cleavage of PARP-1 
and caspase-10, caspase-3, and caspase-7 in Ad-MMP-9, 
radiation, and combination treatments compared with the 
control and Ad-CMV- treated cells (Fig. 3B). To confirm these 
initial observations, we analyzed apoptosis by looking for DNA 
fragmentation (TUNEL) assay. TUNEL-positive, apoptotic MDA 
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Rg. 2. The combined treatment of 
Ad-MMP-9 and radiation decreases binding 
activity of NF-kB and AP-1. A Western blot 
results for ERK1/2 and phosphorylated 
ERK. GAPDH was used as a control to 
confirm equal loading of cell I y sates. 
B, Western blot analysis of subcellular 
fractions showing the translocation of 
the p50 and p65 subunrts of NF-kB and 
c-fos and Jun D subunits of AP-1 C the 
binding activities of NF-kB and AP-1 to DNA 
were determined using the electromobility 
shift assay. Oligonucleotide consensus 
probes for NF-kB and AP-1 were end labeled 
with 32 P and used in the shift assay. SS, 
supershift. 
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Fig. 3. Down -regulation of MM P- 9 and 
radiation induces apoptosis in breast cancer 
cells. A Western blot results for Fas and 
Fas-L Representation of densitometry 
analysis of the expression of Fas and Fas-L 
(mean ± SE; n = 4). B, Western blot results 
for caspase-10, caspase-3, and caspase -7 
show active caspase and PARP cleavage. 
C and D, TUNEL assay was done with MDA 
MB 231 cells with the earlier said treatments 
as per the manufacturers protocol and the 
densitometry analysis of percentage of 
TUNEL-positive cells are represented 
(mean ± SE; n ~ 3). *, significant difference 
between irradiated alone cells and 
combination treatment of Ad- M MP- 9 
infection with irradiation {P :£ 0.05). 
£ clonogenic survival was assessed 
between 15 d after radiation exposure. 
Each experiment was done at least four 
times, and triplicates were done for each 
experiment. Clonogenic survival was 
assessed between 15 d after radiation 
exposure. Each experiment was done at 
least four times, and triplicates were done 
for each experiment. Statistical analysis 
was done using PRISM and ANOVA. 
*, significant difference between irradiated 
alone cells and combination treatment 
of Ad- M MP- 9 infection with irradiation 
(P<0.01). 



MB 231 cells were meagerly present in control or Ad-CMV- 
infected cells. Ad-MMP-9 infection, in combination with irra- 
diation, resulted in a distinct increase of TUNEL-positive cells 
compared with the Ad-MMP-9 alone -treated and irradiation 
alone -treated cells (Fig. 3C). Quantitation of TUNEL-positive 
cells indicated that Ad-MMP-9 infection in combination with 
irradiation (-85%) had 2-fold more compared with irradia- 
tion alone ( — 40%; Fig. 3D). A clonogenic survival assay was 
done to determine the influence of the down-regulation of 
MMP-9 in breast tumor cell to ionizing radiation. Figure 3E 
indicates that down-regulation of MMP-9 in MDA-MB-23 1 cells 
increased the radiosensitivity than uninfected and controls in 
terms of clonogenic survival. Statistical analysis shows that 
clonogenic survival in irradiated MDA-MB-23 1 cells that has 
reduced MMP-9 activity is significantly reduced compared with 
irradiated control MDA-MB-23 1 cells. These data confirm that 
the down-regulation of active MMP-9 increase sensitivity to 
ionizing radiation. 



MMP-9 and HIFla mediate the inhibition of tumor growth 
after treatment with Ad-MMP-9 plus radiation. MDA MB 231 
cells were chosen for animal studies because these cells form 
aggressive primary tumors. We compared the effect of the three 
treatments (Ad-MMP-9, radiation, and a combination) on 
tumor growth. Tumors that received radiation (two doses of 
5 Gy) showed tumor regression of >50% when compared with 
the control and Ad-CMV- treated tumors. Analysis of tumor 
size revealed that tumors injected with 5 x 10 8 plaque-forming 
units of Ad-MMP-9 displayed a more delayed tumor growth 
than those of control mice. These tumors were suppressed by 
nearly 40% to 45% when compared with the controls. 
However, the combined treatment of Ad-MMP-9 and radiation 
completely regressed tumor growth in all of the mice by the end 
of the experiment (after 8 weeks; Fig. 4A). Furthermore, to 
show the efficacy of the combined treatment, we also did 
another set of experiment where the animals were sacrificed 
after 15 days of the combined treatment. 
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Additionally, to show the efficiency of the treatments, we 
analyzed the activity of MMP-9 in the tumor tissues using 
zymography. The densitometric analysis showed that the 
irradiated tumors had a 2-fold to 3-fold increase in MMP-9 
activity compared with the controls. In contrast, Ad-MMP-9 



treatment reduced activity by 2-fold to 2.5-fold than the 
control. MMP-9 activity was further reduced by 4-fold to 
5-fold even after only 15 days of treatment with Ad-MMP-9 
plus radiation (Fig. 4B). Furthermore, we analyzed the tumor 
sections from control, Ad-CMV, Ad-MMP-9, irradiation, and 
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Fig. 4. MMP-9 and HIF1 a mediate the inhibition of tumor growth after treatment with Ad-MMP-9 plus radiation. A representative tumors from animals treated with Ad-CMV, 
Ad-MMP-9, irradiation, and Ad-MMP-9 in combination with irradiation. Growth delay curve of tumors from animals treated with Ad-CMV, Ad-MMP-9, irradiation, and 
Ad-MMP-9 in combination with irradiation. Tumor size was measured using calipers as described in Materials and Methods. Finally, the tumor volume was calculated using 
the formula V = n /6 (a x b x c).The data represent the mean ± SO (n = 5) for each treatment at the said time point, ft MMP-9 activity was analyzed using gelatin 
zymography by loading equal amounts of protein from the tissue lysates from the tumors treated with Ad-MMP-9, irradiation, and controls. Additionally, the second panel 
in the zymogram shows MMP-9 activity in the tumor harvested after 15 d of the combination treatment compared with the control. MMP-9 activity is represented 
densitometrically. C, H&E staining and immunohistochemical analysis for MMP-9 and HIF1 owas done on paraffin- embedded breast tumor sections of mice treated with 
Ad-CMV, Ad-MMP-9, irradation, and Ad-MMP-9 plus racSation using specific antibodies for these molecules. Paraffin-embedded breast tumor sections of mice treated 
with Ad-CMV, Ad-MMP-9, irradiation, and Ad-MMP-9 plus radiation were immunostained for proteolyticaDy cleaved caspase-3 active subunits, which exist only when cells 
undergo a po ptosis. TUN EL assay was done with paraformatdehyde-fixed, paraffin- embedded breast tumor sections as per the manufacturer's protocol. 
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Ad-MMP-9, plus radiation treatment groups for MMP-9 and 
HIFla using immunohistochemistry. We observed more 
apoptotic cells and necrotic areas in the sections from treated 
tumors compared with the control tumors. The sections from 
control and Ad-CMV- treated tumors revealed a highly 
aggressive tumor nature and many mitotic dividing cells 
(Fig. 4C). We observed significant expression of MMP-9 and 
HIFla in control, Ad-CMV, and radiation- treated tumor 
sections. However, expression levels were drastically reduced 
in breast tumor sections of mice treated with Ad-MMP-9 and 
Ad-MMP-9 plus radiation. After the in vitro studies for 
apoptosis, we analyzed the effect of these treatments in vivo. 
Paraffin-embedded breast tumor sections of mice treated with 
Ad-CMV, Ad-MMP-9, radiation, and Ad-MMP-9 plus radiation 
were immunostained for proteolytically cleaved active subunits 
of caspase-3, which exist only when cells undergo apoptosis. 
The combination-treated tumors showed more active subunits 
of caspase-3 compared with the controls and irradiation alone 
treated tumors, thereby suggesting more apoptosis in the 
combined treated tumors even at 15 days after treatment 
(Fig. 4C). In addition, TUN EL assay indicated DNA fragmen- 
tation, which is indicative of apoptotic cell population, in 
Ad-MMP-9 - treated and irradiated tumors (Fig. 4C). In tumors 
treated with Ad-MMP-9 and radiation, we observed a signifi- 
cantly higher presence of DNA fragmentation compared with 
the controls. This high level of apoptosis accounts for the 50% 
to 60% regression of tumors after treatment with Ad-MMP-9 
plus radiation. 

j. Discussion r ^ 

The goal of this study was to investigate the effect of 
combining MMP-9 inhibition along with radiation on ortho- 
topic breast tumors. We found that Ad-MMP-9 treatment before 
radiation augmented the effects of radiation and successfully 
regressed tumors. In recent years, there has been a consensus 
that hypoxia can influence a broad spectrum of physiologic and 
pathologic cellular mechanisms (29). In particular, the 
combination of hypoxia gene therapy with ionizing radiation 
represents an exciting and promising approach to overcome 
and exploit resistant hypoxic tumor cells. Here, we also show 
that Ad-MMP-9 infection in irradiated cells decreased HIF 1, 
which is associated with reduction in sensitivity to radiation 
and causes disease failure after radiation therapy (30). We 
further show that Ad-MMP-9 infection augmented apoptosis in 
irradiated cells in vitro and in vivo. In our in vitro studies, we 
observed increases in HIFla, both at the mRNA expression and 
protein levels, in control and irradiated cells. However, in cells 
treated with Ad-MMP-9 alone and Ad-MMP-9 plus radiation, 
levels of HIFla were drastically reduced. Furthermore, the 
immunohistochemical analysis of tumor tissue sections sup- 
ported the in vitro results. HIF1 is a key transcription factor that 
regulates the expression of a variety of genes, which control 
glycolysis, erythropoiesis, apoptosis, and angiogenesis (3). A 
direct correlation between tumor grade and HIF-1 expression in 
breast tumors has been shown (31). The role of HIF-1 in solid 
tumor growth is still not entirely clear, but previous work 
suggests that this transcription factor is necessary for the growth 
and angiogenesis of these tumors. 

Radiation-induced MMP-9 leads to enhanced tumor growth 
and metastasis (32). Recent studies have implicated MMPs in 



multiple roles, including tumor growth (33), regulation of 
apoptosis (34), and angiogenesis (35). Thus, the observed 
radiation-induced augmentation in MMP-9 activity is not only 
integral to tumor invasion, but may also aid survival in a 
relatively hostile setting. Our results show down-regulation of 
MMP-9 in irradiated breast cancer cells decreased MMP activity 
at both the mRNA and protein levels. 

Ionizing radiation acts through the induction of double- 
strand breaks to DNA to induce elimination of cancerous cells 
via apoptosis (36). The efficiency of radiotherapy for cancer 
treatment is limited by toxic side effects, which impede dose 
escalation. Moreover, cancer cells often develop radioresistance 
mechanisms that are related to the DNA repair response. The 
aim of combining gene therapy and radiation is to strengthen 
the efficiency of radiation by inhibition of DNA repair, 
overcoming the clonogenic survival in irradiated cells and in 
turn apoptotic resistance. Transcription factors like NF-kB and 
AP-1 are activated by DNA-damaging agents and could be 
involved in cell cycle arrest and prevention of apoptosis to 
allow DNA repair (9, 37). Not only does NF-kB promote 
survival of cancer cells, but it also contributes to abnormal 
proliferation and metastasis (25, 38-40). Our Western 
immunoblot analysis showed a decrease in the translocation 
of NF-kB subunits (p50 and p65) and AP-1 subunits (c-fos and 
Jun D) in the cells that received the combined treatment of Ad- 
MMP-9 and radiation. Furthermore, we did the electrophoretic 
mobility shift assay to analyze the protein-DNA interaction for 
NF-kB and AP-1. The results indicated that in the case of cells 
treated with Ad-MMP-9 alone and Ad-MMP-9 combined with 
radiation, the protein-DNA interaction was reduced compared 
with the control and Ad-CMV- treated cells. This observation 
was supported by the supershift assay using specific antibodies 
against NF-kB and AP-1, respectively (41). 

Apoptosis is induced by different stimuli, such as death 
ligands and chemotherapeutic drugs that lead to the activation 
of caspases (42). Recently, researchers have shown that 
inhibition of NF-kB activity restores sensitivity to Fas-mediated 



Fig. 5. Schematic representations of the effect of irradiation (A ) and Ad-MMP-9 in 
combination with irradiation (fi) on breast tumor growth. 
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apoptosis (43, 44). Treatment of breast cancer cells with 
Ad-MMP-9, radiation, or both induced caspase-dependent 
apoptosis, which is associated with the activation of several 
individual caspases. Our results show that the caspase-10 
pathway may be responsible for induction of apoptosis where 
Fas and Fas-L are involved at the cell membrane. The Fas - Fas-L 
death pathway is an important mediator of apoptosis. 
Deregulation of the Fas pathway is reported to be involved in 
the immune escape of breast cancer and the resistance to 
anticancer drugs (45). It has been reported that the resistance of 
leukemic eosinophils to Fas-mediated apoptosis is due to 
induced NF-kB activation (46). The results of the present study 
corroborate the findings of these studies; we observed that the 
reduction in NF-kB activation led to increased expression of 
Fas-L and directed apoptosis via the Fas -Fas-L mediated 
pathway. This led to the activation of caspase-10, a death 
effector domain -containing initiator caspase, which, in turn, 
cleaves or activates caspase-3 and caspase-7 (effector caspases 
capable of cleaving PARP-1). Caspase-3 immunofluorescent 
staining and TUN EL assay revealed the increased apoptosis in 
the tumors treated with Ad-MMP-9 and radiation compared 
with the control and irradiation alone -treated tumors. The 
TUNEL assay using the tissue sections shows synergistic effect 
when Ad-MMP-9 was given in combination with radiation. 
Furthermore, the donogenic survival assay supported the 
results obtained involving activation of apoptotic cascade. 



We suggest a new strategy for improving the radiosensitivity 
of breast tumors in treating breast cancer through down- 
regulation of MMP-9 using adenoviral constructs of antisense 
MMP-9 before radiation (Fig. 5). The decreased MMP-9 activity 
of the tumors inhibited phosphorylation of ERK, which 
reduced the transcriptional activity of NF-kB and AP-1. This 
in turn led to increased apoptosis, thereby regressing the tumor. 
The precise and rapid propagation of this signaling cascade 
demands strict and flexible regulatory processes that still 
remain unexplored. The nature of the regulators involved 
may have therapeutic implications. Our schematic is based on 
our in vitro and in vivo model data showing an increase in 
apoptosis and tumor reduction. 

In summary, the present study indicates that MMP-9 might 
be a potential target candidate as an inducer of the HIF- 
regulated molecular cascade. Down-regulating MMP-9 activity 
augments the effect of radiotherapy by directly or indirecdy 
reducing HIF transcription machinery. Because HIFlot is 
involved in the pathogenesis of several human diseases 
(e.g., myocardial and cerebral ischemia, pulmonary hyperten- 
sion), Ad-MMP-9 may have a future therapeutic role as an 
HIF la activity inhibitor. 
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Abstract 

AIM: To investigate the combined effects of K-ras 
antisense oligodeoxynucleotide (K-ras ASODN) specific 
to GTT point mutation at codon 12 and type I 
insulin-like growth factor receptor (IGF-IR) antisense 
oligodeoxynucleotide (IGF-IR ASODN) on proliferation 
and apoptosis of human pancreatic cancer Patu8988 
cells//? vitro and//7 vivo. 

METHODS: K-ras gene point mutation and its style 
at codon 12 of human pancreatic cancer cell line 
Patu8988 were detected by using polymerase chain 
reaction with special sequence primers (PCR-SSP) and 
sequence analysis. According to the mutation style, 
K-ras mutation ASODN specific to K-ras point mutation 
at codon 12 was designed and composed. After K-ras 
ASODN and IGF-IR ASODN treated on Patu8988 cells 
respectively or cooperatively, the proliferation and 
morphological change of Patu8988 cells were analyzed 
by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide (MTT) assay, colony forming assay and 



transmission electron microscopy; the expression of 
K-ras and IGF-IR mRNA and protein in the treated cells 
was measured by reverse-transcript polymerase chain 
reaction (RT-PCR) and flow cytometry respectively; 
apoptosis was determined by flow cytometry. The 
combined antitumor activity of K-ras ASODN and IGF- 
IR ASODN was evaluated in BALB/c nude mice bearing 
human pancreatic cancer inoculated with Patu8988 
cells. 

RESULTS: The results of PCR-SSP and sequence 
analysis showed that the human pancreatic cancer cell 
line Patu8988 had point mutation at codon 12, and the 
mutation style was GGT-^GTT. 2-32 ug/mL K-ras ASODN 
and 2-32 ^g/mL IGFIR ASODN could inhibit Patu8988 
cells' growth, induce apoptosis and decrease the 
expression of K-ras and IGFIR mRNA and protein alone. 
However, there was much more effective inhibition of 
growth and induction of apoptosis by their combination 
than by each one alone. In tumor bearing mice, the 
combination of K-ras ASODN and IGF-IR ASODN 
showed a significant inhibitory effect on the growth of 
transplanted pancreatic cancer, resulting in a statistically 
significant difference compared with each alone. 
CONCLUSION: It has been found that K-ras ASODN 
combined with IGF-IR ASODN could cooperatively 
inhibit the growth of Patu8988 cells, and induce their 
apoptosis via reinforcing specific down regulation of 
K-ras and IGF-IR mRNA and protein expression. 

© 2008 Ttie WJG Press. All rights reserved. 
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INTRODUCTION 

Pancreatic cancer is the fatal cancer of the digestive 
system with the worst prognosis. The 5-year survival 
rate is approximately l%-2%, and the median survival 
time after diagnosis ranges only 4-6 mo' 1 ' 31 . The reasons 
for poor prognosis include: (1) the difficulty of early 
diagnosis due to its anatomical location, and lack of 
specific early syndromes; (2) the high potential to 
infiltrate to the surrounding tissues and metastasize 
even in the early stage; and (3) the poor responsiveness 
to conventional treatments such as chemotherapy, 
radiotherapy and immunotherapy 14 " 61 . Surgery represents 
the only opportunity for possible cure, but it is restricted 
to early stage pancreatic cancer and most patients who 
undergo tumor resection show recurrence or distant 
metastases and die within a few years. At least, at the 
present time, an emphasis on early diagnosis alone may 
not be sufficient for significant improvement in the 
current poor prognosis of pancreatic cancer, which 
necessitates the search for novel treatment strategies to 
improve the prognosis. 

Previous studies have demonstrated that a high 
percentage of pancreatic cancers harbors K-ras gene 
point mutation and overexpresses insulin-like growth 
factor receptor type 1 (IGF-IR)^ 111 . These alterations 
may together contribute to the progression and 
aggressiveness of pancreatic cancer from different 
pathways. Consequently, targeting expression of 
K-ras or IGF-IR has a potential value in pancreatic 
cancer therapy, and has led to the development of 
new therapeutic strategies based on the use of agents 
able to selectively inhibit targeted gene expression. In 
particular, antisense oligodeoxynucleotides (ASODNs) 
have proved their efficacy as targeted therapy, and are 
able to modulate target protein expression in pancreatic 
cancer studies* 12 " 151 . In the practical application of 
the ASODN approach, many key problems need to 
be solved: selection of a single agent does not seem 
particularly promising because of the multigenic 
alterations of pancreatic cancer; finding a targeting 
site of K-ras mRNA or IGF-IR mRNA that is likely to 
be accessible to ASODNs; selection of an adaptable 
vector for mediating ASODNs; optimization of 
trans fection concentration in a cell line, etc. Based 
on these considerations, we used polymerase chain 
reaction with special sequence primers (PCR-SSP) and 
sequence analysis to detect a K-ras point mutation at 
codon 12, and its mutation style on pancreatic cancer 
Patu8988 cells, designed and prepared ASODN (K-ras 
ASODN) specific for the K-ras point mutation at codon 
12, and then combined it with strongest efficient IGF- 
IR ASODN designed by Resnicoff et aP 6] to trans feet 
pancreatic cancer Patu8988 cells with highly efficient 
vector Lipofectamine 2000. 3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, 
reverse-transcript polymerase chain reaction (RT-PCR), 
flow cytometry and transmission electron microscope 
were used to evaluate the effects of cell proliferation, 
apoptosis and target gene expression. Therapeutic 



efficacy of the combination treatment was also evaluated 
in xenografts. 



MATERIALS AND METHODS 

Cell culture 

Human pancreatic cancer cell lines Patu8988 and 
BXPC-3 used in this study were preserved in our 
laboratory. The cells were grown in RPMI 1640 medium 
(Gibco, USA) supplemented with 10% heat-inactivated 
fetal bovine serum (Sijiqing, Hangzhou, China), 
5 mmol/L HEPES, 100 U/mL penicillin and 100 U/ 
mL streptomycin in 5% atmospheric C0 2 at 37 "C. Cells 
were passaged every 3 d, checked routinely, and found 
to be free of contamination. When cells grew to 75% 
confluence, they were digested and used for in vitro and 
in vivo studies. 

K-ras gene point mutation at condon 12 detected by 
PCR-SSP and sequence analysis 

Genomic DNAs for Patu8988 cells and BXPC-3 
cells were extracted according to the protocol. With 
regard to the sequences of K-ras cDNA in Genbank 
and the three high frequency mutation styles (CGT, 
GTT and GAT) at codon 12, three kinds of special 
sequence primers (SSP) for polymerase chain reaction 
were designed to detect K-ras gene point mutation 
at codon 12 for Patu8988 cells and BXPC-3 cells. 
Primers were as following: Rl: 5'-GGTAGTTGG- 
AGCTC-3'; R2: 5'-GTAGTTGGAGCTGT-3'; R3: 
S'-GTAGTTGGAGCTGA-S'; R4: 5'-CTATTGTTGGA 
TCATATTCG-3'. The pairing of R1-R4 amplified CGT 
mutation with a 89 base pair fragment; the pairing R2-R4 
amplified GTT mutation with a 88 base pair fragment; 
the pairing R3-R4 amplified GAT mutation with a 88 
base pair fragment. The amplification products were 
loaded on 8% acrylamide gels, and stained with ethidium 
bromide to detect mutation styles. In addition, K-ras 
gene was amplified from Patu8988 cells and BXPC-3 
cells using RT-PCR, and the PCR products were directly 
sequenced. 

Proliferation assay ofPatu8988 cells treated with K-ras 
ASODN or IGF-IR ASODN alone 

Based on the results of PCR-SSP and sequence 
analysis, the antisense phosphorothioate oligodeoxynu- 
cleotides 5'-TACGCCAACAGCTCCAAC-3' (K-ras 
ASODN) specific to the K-ras gene point mutation 
at codon 12 were designed and synthesized. The 
antisense phosphorothioate oligodeoxynucleotides 
5*-TCCTCCGGAGCCAGACTT-3* (IGF-IR ASODN) 
specific to IGF-IR gene were synthesized according to 
the report from Resnicoff et aP 6] . Exponentially growing 
Patu8988 cells at 1 x 10 5 /well were seeded in 96-well 
microliter plate, and treated with K-ras ASODN or 
IGF-IR ASODN mediated by Upofectamine™ 2000 at 
concentration of 2-32 mg/L for 24 , 48, 72 and 96 h. 
The culture medium was changed every 24 h with 
fresh RPMI 1640 medium, which contained the same 
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concentration of K-ras ASODN or IGF-IR ASODN. 
The control cultures were left untreated at 37"C for 
the same period of time, with triplicate wells for each 
concentration. After incubating for 24, 48, 72 and 96 h, 
20 uL of 5 g/L MTT (Sigma, USA) in PBS was added 
to each well, followed by incubation for 4 h at 37 'C. 
Formazan crystals were dissolved in DMSO for 15 min 
at 37 "C. Absorbance was determined with an enzyme- 
linked immunosorbent assay reader at 570 nm. The 
cell proliferation curves were drawn according to the- 
absorbance. The optimal concentration able to inhibit 
cell growth was selected for further experiments. 

Proliferation assay ofPatu8988 cells treated with 
combination of K-ras ASODN and IGF-IR ASODN 

Patu8988 cells were seeded in a 96-well plate at a 
concentration of 1 x 10 5 /well, and divided into three 
groups: (1) 16 mg/L K-ras ASODN group; (2) 16 mg/L 
IGF-IR ASODN group; (3)16 mg/L K-ras ASODN + 
16 mg/L IGF-IR ASODN group. The cell cultures were 
measured for cell proliferation at different time points (0, 
24, 48, 72 and 96 h after trans fection) using MTT assay 
as described above. The cell proliferation curves were 
drawn according to the absorbance. 

Apoptosis detection by annexin V-FITC/PI dual staining 

Cells at the concentration of 1 x 10 5 /mL were plated 
in 6-well plates, divided into three groups as described 
above. After being incubated for 48 h at 37 "C, cells were 
harvested by trypsinization and rinsed with cold PBS 
twice. After centrifugation, cells were suspended by 
250 uX conjugated buffer solution and then treated with 
5 uX Annexin V-FITC and 10 u,L propidium iodide 
(PI) for 15 min in the dark at room temperature. Finally, 
each sample was added into 300 uX of conjugated 
buffer solution and analyzed with flow cytometry. The 
experiments were performed in triplicate and the results 
were given as mean ± SE. 

K-ras or IGF-IR protein expression detected by flow 
cytometry 

Patu8988 cells, treated as described above, were removed 
from the plate by brief trypsinization with 0.25% 
trypsin, and then washed with PBS twice, stained with 
primary K-ras Ab or IGF-IR Ab, followed by FITC- 
conjugated goat anti-mouse IgG. After two rinses with 
PBS containing 2% FBS, these cells were analyzed with 
flow cytometry. Controls consisted of incubation with 
no antibodies or incubation with only the secondary 
antibody. The experiment was repeated three times. 

K-ras or IGF-IR mRNA expression detected by semi- 
quantitive RT-PCR 

Cells were plated in 6-well plates and performed as 
described above. Total cellular RNA was extracted 
by using Trizol Reagent (Invitrogen, USA) according 
to the manufacturer's instructions. The purity and 
concentration were determined by measuring the 
absorbance {A) at 260 nm and 280 nm {A 260 /A 2 ^ To 



generate first-strand cDNA, an oligo (dT) 18 was used 
as primer, and 2 fig RNA was reverse- transcribed in 
the light of MMLV First Strand cDNA Synthesis Kit 
(Fermentas, USA) protocols. Amplification of human 
P-actin served as an internal control. The primers used 
were 5'-GGACCTGACTGACTACCTC-3' (forward) 
and 5'-TCATACTCCTGCTTGCTG-3' (reverse). The 
amplification products were 540 bp. The primers for 
K-ras were S'-CGCGGATCCATGACTGAATAT 
AAACTTGTG-3* (forward) and 5'-CGCAAGCTT 
TTAC ATA ATTAC AC ACTTTGT- 3 ' (reverse). The 
amplification products were 585 bp. The primers for 
IGF-IR were 5'-CCAAAACTGAAGCCGAGAAG-3' 
(forward) and 5'-TGCAGCTGTGGATATCGATG-3' 
(reverse). The amplification products were 300 bp. K-ras 
was amplified 35 cycles under the following conditions: 
denaturing at 94*C for 5 min followed by 94*C for 
1 min, annealing at 51 *C for 30 s and extension at 72 *C 
for 1 min; the final extension was at 72 *C for 10 min. 
IGF-IR gene and §-aetin were amplified 30 cycles under 
the following conditions: denaturing at 94 *C for 5 min 
followed by 94 'C for 1 min, annealing at 55 "C for 1 min 
and extension at 72 "C for 90 s; the final extension was 
at 72*C for 10 min. PCR products were separated in 
1.5% agarose gels, stained with ethidium bromide, and 
visualized by UV absorption. Densitometric scanning of 
the bands was performed, and the relative amount of each 
gene mRNA expression was estimated by normalization 
to the §-actin mRNA detected in the same sample. 

Transmission electron microscopic examination 

Patu8988 cells treated with the combination of K-ras 
ASODN and IGF-IR ASODN for 48 h were harvested, 
and washed in PBS. The cell pellets were prefixed in 2.5% 
glutaraldehyde, postfixed in 1% osmic acid, dehydrated 
in gradient acetone and embedded in the resin. Ultrathin 
sections were cut, stained with lead citrate and assessed 
for the morphological changes under transmission 
electron microscope. 

Colony assays 

Twenty Patu8988 cells treated with 16 mg/L K-ras 
ASODN, 16 mg/L IGF-IR ASODN or 16 mg/L K-ras 
ASODN + 16 mg/L IGF-IR ASODN were seeded in 
6-well plate and cultured in 5% atmospheric C0 2 at 37 *C 
for 2 wk. The control was with the same volume of 
culture medium. 

Treatment in vivo 

To investigate whether the combination of K-ras 
ASODN with IGF-IR ASODN would alter the 
tumorigenicity of Patu8988, male 4-wk -old BALB/c 
nude mice were purchased from the Animal Center of 
Shanghai. 1 x 10 7 cells in 0.1 mL PBS were injected 
subcutaneously into the right flank of nude mice. 
Fourteen days later, 16 mice with about the same 
tumor size were divided into four groups randomly. 
Intratumoral injections were given with K-ras ASODN, 
IGF-IR ASODN or K-ras ASODN + IGF-IR 
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Figure 1 Detection of K-ras point mutation at 12 codon and its style in 
pancreatic cancer cell line Patu8988 by PCR-SSR 1: p-actin; 2: R1-R4 pairing 
(CGT mutation); 3; R2-R4 pairing (GTT mutation); 4: R3-R4 pairing (GAT 
mutation); M: 100 bp DNA marker. 



ASODN, and the control with 100 jiL physiological 
saline. The injection was repeated every 48 h and 5 
times in all. Tumor sizes were measured every 7 d and 
calculated by the formula: volume (mm 3 ) = l/2(width) 2 
x length. After a 49-d follow-up period, mice were 
sacrificed. The tumors were removed, fixed by 4% 
polyformaldehyde, paraffin embedded and sectioned for 
immunohistochemical analysis. 

Statistical analysis 

All experiments were performed in triplicate and data 
were expressed as mean ± SD. Statistical analyses 
were conducted by one-factor analysis of variance 
and performed with SPSS 10.0 software. P < 0.05 was 
considered statistically significant. 

RESULTS 

K-ras point mutation at codon 12 ofPatu8988 cell line 

Detection of K-ras point mutation at codon 12 in the 
pancreatic cancer cell line Patu8988 is shown as Figure 1. 
The pairing R2-R4 had the amplification product of 
GTT mutation with an 88 bp fragment. But, the pairings 
of R1-R4 and R3-R4 had no amplification product of 
any mutation. Therefore, K-ras point mutation at codon 
12 was found in pancreatic cancer cell line Patu8988, 
and the mutation style was GTT; no other mutation 
styles were found. For wild type pancreatic cancer cell 
line BXPC-3, no amplification products were found 
in pairings of R1-R4, R2-R4 and R3-R4. The direct 
sequencing results were consistent with the results from 
the PCR-SSP (Figure 2). 

Inhibition ofPatu8988 cell proliferation by K-ras ASODN 
and IGNR ASODN alone or combination 

As shown in Figure 3A and B, when Patu8988 cells 
were exposed to K-ras ASODN and IGF-IR ASODN 
respectively, the growth of the cells was suppressed 
as compared to untreated cells (P < 0.01) except at 
the concentration of 2 mg/L. Moreover, when cells 
were exposed to different doses of K-ras ASODN 




B 

GGTAGTTGGAGC T jGGT| GG CGT A G6C A AG AG T 




Figure 2 Sequence analysis of pancreatic cancer cell line Patu8988 (A) and 
BXCP-3 (B). Patu8988 had K-ras point mutation at codon 12 and its style was 
GGT-*GTT (indicated in the square). BXCP-3 was a K-ras gene wild type cell 
line with normal GGT at codon 12; No other mutation styles were found. 



and IGF-IR ASODN individually, growth inhibition 
was dose dependent: obvious inhibition was seen at 
the concentration of 16 mg/L, and the greatest effect 
was seen at a concentration of 32 mg/L. However, no 
statistical significance was found between 16 mg/L and 
32 mg/L (P > 0.05). So, combination treatment with 16 
mg/L K-ras ASODN and 16 mg/L IGF-IR ASODN 
was employed, and the ASODNs were trans fee ted into 
Patu8988 cells for 24, 48, 72 and 96 h. Patu8988 cell 
growth was inhibited at a significandy higher rate in the 
combination treatment than that in K-ras ASODN or 
IGF-IR ASODN alone at different transfection times (P 
< 0.01) (Figure 3C). The inhibition peak was reached at 
48 h. Subsequendy, the inhibition ability wore off, and the 
tumor cells recovered proliferation. Further experiments 
were conducted to assess the combined effects on the 
expression of K-ras or IGF-IR mRNA and protein, 
apoptosis, clone formation and tumor growth inhibition 
in vivo with the combination treatment of 16 mg/L K-ras 
ASODN and 16 mg/L IGF-IR ASODN at 37"C for 48 h. 

Inhibition of colony formation by K-ras ASODN and 
IGNR ASODN alone or combination 

Patu8988 cell proliferation treated in different groups 
was analyzed by soft agar colony formation assays. 
The average numbers of colonies in the control, K-ras 
ASODN, IGF-IR ASODN and combination group were 
18.8, 11, 12 and 3, respectively. The Patu8988 cells in the 
combination groups formed significandy fewer colonies 
(6 fold decrease) in soft agar than those in the control 
groups did (P < 0.05 vs control). However, there were 
no statistical differences between K-ras ASODN groups 
and IGF-IR ASODN groups, although the number of 
colonies of IGF-IR ASODN groups was a litde larger 
than those of K-ras ASODN groups (P > 0.05). At 
the same time, we noticed that the size of most of the 
colonies in the combination groups were much smaller 
than those in the control groups. 
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Figure 3 Each value represents the mean ± SD from triplicate determinations. A: Growth curves of Patu8988 cells treated with different concentrations of K-ras 
ASODN at different incubation times; B: Growth curves of Patu8988 cells treated with different concentrations of IGF-IR ASODN at different incubation times; C: 
Growth curves of Patu8988 cells treated with the combination treatment of 16 mg/L K-ras ASODN and 16 mg/L IGF-IR ASODN at different incubation times; D: The 
inhibition effect of the combination treatment with K-ras ASODN and IGF-IR ASODN on tumor growth in nude mice. 



Table I Protein expression for K-ras and IGF-IR on 
Patu8988 cells detected by flow cytometry (%) 



Groups 


Positive rate 


K-ras protein 


IGF-IR protein 


; K-ras ASODN 


25.95 ±0.18 b 


85.25 ±0.99 \ 


j IGF-IR ASODN 


69.18 ±0.87 


40.78 ±l42V 


Combination 


19.69 ±1.15 b 


38.25 ± 1.22* i 


Control 


76.15 ±1,62 _ 


... 91.53 ±1,62 '_' ; 



All values are presented as mean ± SD of triplicate determinations. b P < 0.01 
vs control group. 



Apoptotic influence ofPatu8988 cells treated with 
combination treatment of K-ras ASODN and IGF-IR 
ASODN 

To further confirm the occurrence of apoptosis, we 
subjected the ASODNs-treated cells (48 h of ASODNs 
exposure) to annexin V-FITC/PI dual staining followed 
by flow cytometry analyses. The ratios of apoptosis 
cells were 21.54% ± 0.93%, 12.76% ± 0.74%, 8.43% 
± 0.51% and 1.60% ± 0.19% in combination group, 
K-ras ASODN group, IGF-IR group and control 
group, respectively. Compared with the control group, 
statistically significant differences were observed (P 
< 0.01). The apoptotic rate of combination group 
was significantly higher than that of K-ras ASODN 
group alone or IGF-IR ASODN alone (P < 0.05). No 



difference existed between K-ras ASODN group and 
IGF-IR group (P > 0.05) (Figure 4). 

K-ras and IGF-IR protein expression of Patu8988 cells 
detected by flow cytometry 

Flow cytometry, results showed that the positive rate of 
K-ras protein was 76.15% ± 1.62% and 69.18% ± 0.87% 
in control group and IGF-ASODN group, respectively. 
No statistical difference was found between the two 
groups (P > 0.05). But, in K-ras ASODN group and 
the combination group, K-ras protein was significandy 
decreased by 25.95% ± 0.18% and 19.69% ± 1.15%, 
respectively, compared with that of control group 
(P < 0.01). Flow cytometric analysis by using IGF- 
IR antibody showed that there was high expression 
in K-ras ASODN group, and control group with a 
positive rate of 91.53% ± 1.62% and 85.25% ± 0.99%, 
respectively. But, in IGF-IR ASODN, and combination 
group, IGF-IR protein expression was reduced to 
40.78% ± 1.42% and 38.25% ± 1.22%, respectively. 
Significant differences were found when compared with 
control group (P < 0.01). All above results revealed 
that antisense oiigodeoxynucleotides can inhibit 
corresponding protein expression. But, K-ras ASODN 
can not obviously inhibit the expression of IGF-IR 
protein, and IGF-IR ASODN can not obviously inhibit 
the expression of K-ras protein (Table 1). 
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Figure 4 Apoptosis of Patu8988 cells detected by flow cytometry with Annexin V-FITC dual staining. A: Control group; B: IGF-IR ASODN group; C: K-ras ASODN 
group; D: K-ras ASODN + IGF-IR ASODN group; E: Apoptosis rate of Patu8988 cells for different groups. "P < 0.01, v$ control group. Each value represents the mean 
± SD from triplicate determinations. 



K-ras and IGF-IR mRNA expression of Patu8988 cells 
detected by RT-PCR 

The mRNA expression intensities of K-ras gene and 
IGF-IR gene were analyzed by semiquanririve RT-PCR 
The mRNA levels were normalized by internal control 
p-actin. At 48 h post- trans fection, K-ras mRNA intensity 
levels were 0.389 ± 0.018 for IGF-IR ASODN group, 
0.213 ± 0.027 for K-ras ASODN + IGF-IR ASODN 
group, 0.275 ± 0.023 for K-ras ASODN group and 
0.391 ± 0.021 for control group. The statistical analysis 
showed that K-ras mRNAs of Patu8988 cells in K-ras 
ASODN group, and combination group were reduced 
significantly, compared with that of control group 



(P < 0.05). The inhibition rate reached 45.5% in the 
combination group. IFG-IR ASODN had no significant 
inhibitory effect on the expression of K-ras mRNA 
(P > 0.05, vs control) (Figure 5). As for IGF-IR gene, 
the relative mRNA levels were 0.642 ± 0.017 for K-ras 
ASODN, 0.355 ± 0.020 for the combination group, 0.387 
± 0.025 for IGF-IR ASODN group, and 0.630 ± 0.029 
for control group. The statistical analysis showed that 
both IGF-IR ASODN group, and combination group 
could have a significant down-regulation effect on the 
mRNA expression of IGF-IR in Patu8988 cells (P < 
0.05, ps control). The inhibition rate was 43.7% in the 
combination group. However, K-ras ASODN showed 
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Control K-ras ASODN K-ras ASODN IGF-IR ASODN 
+ IGF-IR ASODN 

Groups 



Figure 5 mRNA expression of K-ras gene in Patu8988 cells at 48 h post- 
transfection. A: RT-PCR analysis for K-ra$ gene in different groups. The fi-actin 
gene was included as internal control. 1: IGF-IR ASODN group; 2: K-ras 
ASODN + IGF-IR ASODN; 3: K-ras ASODN group; 4: Control group; B: K-ras 
products quantified relative to the internal control p-actin. "P < 0.05, vs control. 
Each value represents the mean ± SD from triplicate determinations. 

no obvious inhibition for IGF-IR mRNA expression (P 
> 0.05 vs control) (Figure 6). 

Inhibition of in vivo tumor growth by K-ras and IGF-IR 
downregulation 

All nude mice were bearing pancreatic tumors from 
7 to 10 d, and survived during the therapy with no 
red swelling, and disruption at the inoculation point. 
Before therapy, there were no significant difference 
for nude mice in weight and volume. As shown in 
Figure 3D, the tumor volume increased gradually in 
control group. The long diameter reached above 1.0 cm, 
and the volume reached 2230.0 ± 65.6 mm 3 on the 49th 
d after inoculation. The tumor growth in K-ras ASODN 
group, IGF-IR ASODN group and combined group 
was inhibited with significant difference when compared 
with control group (P < 0.01). The therapeutic effect 
in the combined group was greater than that of K-ras 
ASODN or IGF-IR ASODN alone (P < 0.01). These 
results indicated that combination group exerted a 
strong growth-suppressive effect on pancreatic cancer. 
However, between K-ras ASODN and IGF-IR ASODN 
group, there was no obvious difference (P > 0.05). The 
results of immunohistochemical showed that K-ras and 
IGF-IR protein expression decreased in tumor tissues 
(data not shown). 

Morphologic change under transmission electron 
microscopy 

Using transmission electron microscope, we saw that the 
normal Patu8988 cells had intact cell membranes and 
nuclear membranes, distributed nuclear chromosomes, 



A 1 2 3 4 




K-ras ASODN K-ras ASODN IGF-IR ASODN Control 
+ IGF-IR ASODN 

Groups 



Figure 6 mRNA expression of IGF-IR gene in Patu8988 cells at 48 h post- 
transfection. A: RT-PCR analysis for IGF-IR gene in different groups. The 
p-acf/n gene was included as internal control. 1: K-ras ASODN group; 2: K-ras 
ASODN + IGF-IR ASODN; 3: IGF-IR ASODN group; 4: Control group; B: IGF-IR 
products quantified relative to the internal control fl-actin. "P < 0.05 vs control. 
Each value represents the mean ± SD from triplicate determinations. 

distinct organelles, big nuclei and excessive nuclear 
division, which indicated that Patu8988 cells were highly 
malignant (Figure 7A). When Patu8988 cells were treated 
with K-ras ASODN combined with IGF-IR ASODN 
for 48 h, changes such as apoptosis, cell shrinkage, 
separation from neighboring cells, plasma condensation, 
plasma vacuolation, karyopyknosis, margination of 
condensed chromatin and membrane-bounded apoptotic 
bodies were observed (Figure 7B); some cells exhibited 
distinct deformation and disruption (Figure 7C). 



discussion 

The rapid development of molecular techniques has 
made it clear that tumorigenesis is actually a process of 
gene abnormalities. The strong invasiveness and rapid 
diffusive ability of pancreatic cancer are also closely 
associated with gene abnormalities. The study results 
of many years show that many genes' cooperation 
and many factors' participation contribute to the 
development of pancreatic cancer. Gene therapy brings 
hope for patients of pancreatic cancer. But, single gene 
therapy does not achieve ideal results. If two or more 
genes are combined to treat pancreatic cancer, in theory 
therapeutic effects will be better. 

Since Almoguera et al 11] first reported that K-ras 
mutation occurred in patients with pancreatic cancer, 
85%-95% patients with pancreatic cancer have been 
found to have K-ras mutation, and most of these 
were point mutations at codon 12. Among those 
point mutations, GAT, GTT and CGT mutation styles 
comprised more than 95% of the point mutations at 
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Figure 7 Transmission electron microscopic appearance of Patu8988 cell. A: Normal Patu8988 cell with intact cell membrane and nuclear membrane (* 12000); B: 
Patu8988 cell treated with K-ras ASODN + IGF-IR ASODN for 48 h. The margination of condensed chromatin and membrane-bounded apoptotic bodies are observed (* 
15000); C: Necrotic cell (* 15000). 



codon 12 [18] . Therefore, K-ras point mutation at codon 
12 is an early event for pancreatic cancer, which can be 
used as a target for early diagnosis and gene therapy 119,201 . 
K-ras gene mutation destroys the GTP enzyme activity 
of ras protein and makes K-ras active constantly, 
which makes K-ras protein unable to block signals for 
growth. Recently, K-ras anfisense oligodeoxynucleotids 
(ASODNs) have been trans fected into pancreatic cells 
in China and abroad. Wang et aP l] first detected and 
confirmed K-ras gene mutation type CGT in human 
pancreatic carcinoma cell line PC-2. Then, K-ras 
mutation ASODN specific to CGT at codon 12 was 
used to explore its inhibitory effects on target gene in 
cell line PC-2. The results show that ASODN specific 
to K-ras point mutation CGT had significant inhibitory 
effects on target gene expression in human pancreatic 
carcinoma cells in vitro. Nakada et aP 2 * used ASODN 
specific to K-ras point mutation GAT at codon 12 to 
trans feet into human pancreatic cancer cell line PANC-1 
(with GAT mutation at codon 12), and the invasive 
activity was investigated using in vitro chemoinvasion 
assay. The results show that K-ras mutation ASODN 
specific to GAT at codon 12 strongly inhibited the 
invasive activity of the cell line PANC-1, but not in that 
with a wild type K-ras (BxPC-3). So, ASODNs specific 
to mutated K-ras genes can inhibit the proliferation 
and invasiveness of human pancreatic cancer cell lines. 
Specific antisense therapy to the point mutation of K-ras 
might be a new anticancer strategy for pancreatic cancer. 
However, these studies also indicate that adopting K-ras 
ASODN alone could not eradicate all the tumor cells. 
For exploring more effective therapy methods, some 
scholars abroad recently started to explore therapeutic 
alliance with diverse antisense oligodeoxynucleotides to 
treat pancreatic cancer, such as simultaneous trans fection 
with mda-7 ASODN and K-ras ASODN into pancreatic 
cancer in vitro and in vivo. The results of their studies 
showed that the therapeutic effects of combination 
methods were better than that of one alone 123 * 241 . 

IGF-IR is a receptor protein tyrosine kinase (RPTK) 
expressed in a wide variety of cell types including 
mesenchymal, epithelial, and hematopoietic cells. The 
receptor is a transmembrane heterotetramer consisting 
of two ct-subunits and two p-subunits linked by 



disulfide bonds. The binding of IGF-I to its receptor 
results in receptor oligomerization, activation of PTK, 
inter-molecular receptor autophosphorylation and 
phosphorylation of cellular substrates that consequently 
lead to gene activation, DNA synthesis and cell 
proliferation. Overexpression of IGF-IR stimulated cells 
not only to transform toward malignance and sustain 
malignant phenotype, but also to promote tumor cells' 
anti-apoptosis, mitosis, proliferation and invasiveness. 
Min et at m reported that IGF-IR overexpressed in 
pancreatic cancer and down-regulation of IGF-IR 
expression using monoclonal antibodies or antisense 
oligodeoxynucleotides could inhibit tumor cell growth 
both in vitro and in wW 25 " 271 . However, the inhibition ratio 
was not high 1241 . 

Considering the important effects of K-ras gene 
point mutation at codon 12 in pancreatic cancer and 
the broad tumorigenesis of IGF-IR gene, our study 
explored the effects of Patu8988 cell proliferation, 
apoptosis and target gene expression using combined 
antisenses with K-ras ASODN against K-ras point 
mutation at codon 12 and IGF-IR ASODN against 
insulin-like growth factor-1. We noticed that different 
doses for K-ras ASODN or IGF-IR ASODN could 
inhibit Patu8988 cell growth. But, combinations could 
produce greater effects (P < 0.01). The results were 
also confirmed in animal experiments. Compared 
with the single method, combination could obviously 
induce Patu8988 cell apoptosis, and reduce protein and 
mRNA expression of K-ras and IGF-IR. In our study, 
the inhibition effects of K-ras ASODN were better 
than that of IGF-IR ASODN. Ras protein is not only 
one of the signal pathways of IGF-IR, but also the 
pathway for many other growth factors, such as VEGR 
Therefore, mutated ras protein not only amplifies the 
IGF-IR signal, but also amplifies signals for many other 
growth factors to inhibit cell apoptosis, and also induces 
vascular growth and cell proliferation. IGF-IR ASODN 
can inhibit only IGF-IR signal. But, K-ras ASODN can 
inhibit signals for many factors. Therefore, the inhibition 
effects of K-ras ASODN was better than that of IGF- 
IR ASODN. So, combined therapy can inhibit signals on 
two sides. After being treated with K-ras ASODN and 
IGF-IR ASODN together, some cells appeared in the 
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form of apoptosis, some others in the shape of edema 
or deformation, which indicated that antisense not only 
induced apoptosis, but also promoted cell death directly. 

Our study shows that K-ras ASODN combined 
with IGF-ASODN obviously inhibited Patu8988 cell 
growth, and induced cell apoptosis and death. The 
mechanism may be associated with the inhibition of 
mRNA, and protein expression of K-ras and IGF- 
IR in Patu8988 cells. Cooperation with two synergistic 
antisense oligodeoxynucleotides could provide a new gene 
therapeutic strategy against pancreatic cancer. Meanwhile, 
the results of our study show that K-ras ASODN 
and IGF-IR ASODN inhibited tumor growth alone 
or in combination. However, a rapid cell proliferation 
tendency was seen in later stage of combined therapy. We 
speculated that this phenomenon might be associated with 
the degradation of ASODN in the late stage of treatment. 
We need to do further study to learn the relationship 
between dose-effect and time-effect. On the other hand, 
the development of pancreatic cancer involves many 
genes; we can not inhibit tumor growth completely 
by suppressing two genes of K-ras and IGF-IR, only 
partial. 



COMMENTS 



Background 

Pancreatic carcinoma is the cancer that has the highest K-ras gene mutation 
rate. 95% of mutations happen at codon 12. Three major mutation types have 
been reported, including CGT, GAT and GTT. Antisense oligodeoxynucleotides 
(ASODNs) specific to CGT and GAT point mutations in human pancreatic 
cancer cell lines were reported; the ASODN against GTT point mutation in 
pancreatic cancer remains unclear. Some studies reported that type I insulin- 
like growth factor receptor (IGF-IR) is overexpressed in pancreatic cancer 
and down-regulation of IGF-ER expression using ASODNs could inhibit tumor 
cell growth. In this article, whether K-ras ASODN specific to GTT mutation in 
alliance with IGF-IR ASODN regulate Patu8988 proliferation, apoptosis, target 
gene expression in vitro and in vivo was investigated. 
Research frontiers 

In previous studies, antisense oligodeoxynucleotides (ASODNs) specific to CGT 
and GAT point mutation of K-ras gene were demonstrated to inhibit proliferation 
in pancreatic cancer. 

Innovations and breakthroughs 

It was found in the present study that K-ras ASODN combined with IGF-IR 
ASODN could cooperatively inhibit the growth of Patu8988 cells and induce 
their apoptosis via reinforcing specific down regulation of K-ras and IGF-IR 
mRNA and protein expression. 

Applications 

Cooperation with two synergistic antisense oligodeoxynucleotides could provide 
a new gene therapeutic strategy against pancreatic cancer. 
Terminology 

PCR-SSP is polymerase chain reaction with special sequence primers; K-ras 
ASODN is an antisense oligodeoxynucleotide against K-ras gene; IGF-IR 
ASODN is an antisense oligodeoxynucleotide against IGF-IR gene; GAT, CGT 
and GGT are three major point mutation types at codon 12 of K-ras gene. 
Peer review 

This is an interesting study that identifies molecular pathways that may be 
therapeutically targeted to inhibit pancreatic cancer growth. 



REFERENCES 

1 Nitecki SS, Sarr MG, Colby TV, van Heerden JA. Long-term 
survival after resection for ductal adenocarcinoma of the 
pancreas. Is it really improving? Ann Surg 1995; 221: 59-66 



2 Coppola D. Molecular prognostic markers in pancreatic 
cancer. Cancer Control 2000; 7: 421-427 

3 Welsch T, Kleeff J, Friess H, Molecular pathogenesis of 
pancreatic cancer: advances and challenges. Curr Mol Med 
2007; 7: 504-521 

4 Boeck S, Heinemann V. The role of second-line 
chemotherapy after gemcitabine failure in patients with 
advanced pancreatic cancer. Future Oncol 2008; 4: 41-50 

5 Brasiuniene B, Juozaityte E. The effect of combined 
treatment methods on survival and toxicity in patients with 
pancreatic cancer. Medicina (Kaunas) 2007; 43: 716-725 

6 Plate JM. Current immunotherapeutic strategies in 
pancreatic cancer. Surg Oncol Clin N Am 2007; 16: 919-943, xi 

7 Deramaudt T, Rustgi AK. Mutant KRAS in the initiation of 
pancreatic cancer. Biochim Biophys Acta 2005; 1756: 97-101 

8 Fryzek JP, Garabrant DH, Schenk M, Kinnard M, Greenson 
JK, Sarkar FH. The Association Between Selected Risk Factors 
for Pancreatic Cancer and the Expression of p53 and K-ras 
Codon 12 Mutations. Int ] Gastrointest Cancer 2006; 37: 139-145 

9 Jiao L, Zhu J, Hassan MM, Evans DB, Abbruzzese JL, Li D. 
K-ras mutation and pi 6 and preproenkephalin promoter 
hypermethylation in plasma DNA of pancreatic cancer 
patients: in relation to cigarette smoking. Pancreas 2007; 34: 
55-62 

10 Min Y, Adachi Y, Yamamoto HItoH, Itoh F, Lee CT, Nadaf 
S, Carbone DP, Imai K. Genetic blockade of the insulin-like 
growth factor-I receptor: a promising strategy for human 
pancreatic cancer. Cancer Res 2003; 63: 6432-6441 

11 Liu W, Bloom DA, Cance WG, Kurenova EV, Golubovskaya 
VM, Hochwald SN. FAK and IGF-IR interact to provide 
survival signals in human pancreatic adenocarcinoma cells. 
Carcinogenesis 2008; 29: 1096-1107 

12 Wang YX, Gao L, Ji ZZ. Inhibitary effects of antisense 
oligonucleotide specific to K-ras point mutation on the 
target gene expression in human pancreatic carcinoma cells. 
Chin Med J (Engl) 2007; 120: 1448-1450 

13 Zhou NX, Fen YQ, Huang ZQ, Wang YZ, Xu QS. Growth 
inhibition of pancreatic cancer by antisense oligonucleotide 
against the insulin-like factor-I receptor. Zhonghua Putong 
Waike Zazhi 1999; 29: 247-251 

14 Masui T, Hosotani R, Ito D, Kami K, Koizumi M, Mori T, 
Toyoda E, Nakajima S, Miyamoto Y, Fujimoto K, Doi R. Bcl- 
XL antisense oligonucleotides coupled with antennapedia 
enhances radiation-induced apoptosis in pancreatic cancer. 
Surgery 2006; 140: 149-160 

15 Hotz HG, Hines OJ, Masood R, Hotz B, Foitzik T, Buhr HJ, 
Gill PS, Reber HA. VEGF antisense therapy inhibits tumor 
growth and improves survival in experimental pancreatic 
cancer. Surgery 2005; 137: 192-199 

16 Resnicoff M, Coppola D, Sell C, Rubin R, Ferrone S, 
Baserga R. Growth inhibition of human melanoma cells in 
nude mice by antisense strategies to the type 1 insulin-like 
growth factor receptor. Cancer Res 1994; 54: 4848-4850 

17 Almoguera C, Shibata D, Forrester K, Martin J, Arnheim 
N, Perucho M. Most human carcinomas of the exocrine 
pancreas contain mutant c-K-ras genes. Cell 1988; 53: 549-554 

18 Berndt C, Haubold K, Wenger F, Brux B, Muller J, Bendzko 
P, Hillebrand T, Kottgen E, Zanow J. K-ras mutations in 
stools and tissue samples from patients with malignant 
and nonmalignant pancreatic diseases, din Chem 1998; 44: 
2103-2107 

19 Fleming JB, Shen GL, Holloway SE, Davis M, Brekken 
RA. Molecular consequences of silencing mutant K-ras 
in pancreatic cancer cells: justification for K-ras-directed 
therapy. Mol Cancer Res 2005; 3: 413-423 

20 Zhu H, Liang ZY, Ren XY, Liu TH. Small interfering RNAs 
targeting mutant K-ras inhibit human pancreatic carcinoma 
cells growth in vitro and in vivo. Cancer Biol Ther 2006; 5: 
1693-1698 

21 Wang YX Gao L, Ji ZZ. [The study of the effect of antisense 
oligonucleotide specific to K-ras point mutation on human 



www.wjgnet.com 



Shen YM eta/. K-ras and IGF-IR ASODNs against pancreatic cancer 



5185 



pancreatic carcinoma cell PC-2] Zhonghua Waike Zazhi 2005; 
43: 1387-1390 

22 Nakada Y, Saito S, Ohzawa K, Morioka CY, Kita K, 
Minemura M, Takahara T, Watanabe A. Antisense 
oligonucleotides specific to mutated K-ras genes inhibit 
invasiveness of human pancreatic cancer cell lines. 
Pancreatology 2001; 1: 314-319 

23 Su Z, Lebedeva IV, Gopalkrishnan RV, Goldstein NI, Stein 
CA, Reed JC, Dent P, Fisher PB. A combinatorial approach 
for selectively inducing programmed cell death in human 
pancreatic cancer cells. Proc Natl Acad Sci USA 2001; 98: 
10332-10337 

24 Lebedeva IV, Su ZZ, Emdad L, Kolomeyer A, Sarkar 
D, Kitada S, Waxman S, Reed JC, Fisher PB. Targeting 
inhibition of K-ras enhances Ad.mda-7-induced growth 



suppression and apoptosis in mutant K-ras colorectal cancer 
cells. Oncogene 2007; 26: 733-744 

25 Maloney EK, McLaughlin JL, Dagdigian NE, Garrett LM, 
Connors KM, Zhou XM, Blattler WA, Chittenden T, Singh 
R. An anti-insulin-like growth factor I receptor antibody 
that is a potent inhibitor of cancer cell proliferation. Cancer 
Res 2003; 63: 5073-5083 

26 Pan YZ, Sun CY, Wang YZ. The growth inhibition of human 
pancreatic cancer cells by lipofectin mediated IGF-IR 
antisense oligonucleotides. Zhonghua Heyixue Zazhi; 2005; 
25: 212-215 

27 Adachi Y, Lee CT, Carbone DP. Genetic blockade of the 
insulin-like growth factor 1 receptor for human malignancy. 
Novartis Found Symp 2004; 262: 177-189; discussion 190-192, 
265-268 

S- Editor Li DL L- Editor LiM E- Editor Zhang WB 



www.wjgnet.com 



4 



Supplemental Material can be found at 
http://www.jbc.org/cgi/content/full/M51 1 626200/DC1 



THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 281. NO. 15, pp. 10555-10560, April 14, 2006 

Printed in the U.SA 



The Mammalian Longevity-associated Gene Product p66 
Regulates Mitochondrial Metabolism* 111 

Received for publication, October 26, 2005, and in revised form, February 7, 2006 Published, JBC Papers in Press, February 14, 2006, DOI 1 0.1074/jbcM5l 1626200 

Shino Nemoto*, Christian A. Combs § , Stephanie French 11 , Bong-Hyun Ahn*, Maria M. Fergusson*, 
Robert S. Balaban\ and Toren Finkel* 1 

From the ^Cardiology Branch, NHLBl, National Institutes of Health, Bethesda, Maryland 20892-1622, % NHLBl, National Institutes of 
Health, Light Microscopy Facility, Bethesda, Maryland 20892, and the ^Laboratory of Cardiac Energetics, 
NHLBl, National Institutes of Health, Bethesda, Maryland 20892 



Previous studies have determined that mice with a homozygous 
deletion in the adapter protein p66 s/,c have an extended life span and 
that cells derived from these mice exhibit lower levels of reactive 
oxygen species. Here we demonstrate that a fraction of p66 shc local- 
izes to the mitochondria and that p66 5/,c-/ ~ fibroblasts have altered 
mitochondrial energetics. In particular, despite similar cytochrome 
content, under basal conditions, the oxygen consumption of spon- 
taneously immortalized p66 shc ~ / ~ mouse embryonic fibroblasts 
were lower than similarly maintained wild type cells. Differences in 
oxygen consumption were particularly evident under chemically 
uncoupled conditions, demonstrating that p66 shc ~ / ~ cells have a 
reduction in both their resting and maximal oxidative capacity. We 
further demonstrate that reconstitution of p66 j/lf expression in 
p66 s/,c_/ ~ cells increases oxygen consumption. The observed defect 
in oxidative capacity seen in p66* /,c ~ / ~ cells is partially offset by 
augmented levels of aerobic glycolysis. This metabolic switch is 
manifested by p66 shc ~ , ~ cells exhibiting an increase in lactate pro- 
duction and a stricter requirement for extracellular glucose in order 
to maintain intracellular ATP levels. In addition, using an in vivo 
NADH photobleaching technique, we demonstrate that mitochon- 
drial NADH metabolism is reduced in p66 5Ac_/ " cells. These results 
demonstrate that p66 5/,c regulates mitochondrial oxidative capacity 
and suggest that p66 shc may extend life span by repartitioning met- 
abolic energy conversion away from oxidative and toward glycolytic 
pathways. 



Generation of ATP in the mitochondria represents the most efficient 
pathway to meet the energetic needs of a cell. This process, however, 
requires the consumption of molecular oxygen with a corresponding 
production of reactive oxygen species (ROS).~ Generation of ROS 
appears to be one of the central mechanisms that contribute to aging in 
a wide range of organisms (1-3). In contrast, under aerobic conditions, 
energy generation can also be achieved through glycolytic pathways 
present in the cytosol. These cytosolic pathways are inherently less 
efficient but do not produce ROS. Each cell employs a different rel- 
ative balance between these two major energetic pathways, although 
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relatively little is known about how this partition is established or 
maintained. 

In lower organisms, such as Caenorhabditis elegans and Drosophila, a 
number of longevity-associated genes have been isolated. One promi- 
nent and well characterized aging pathway regulates the activity of the 
transcription factor DAF-16, a member of the Forkhead family of tran- 
scriptional regulators. Evidence suggests that DAF-16 is involved in 
responding to numerous environmental stresses (4). A rise in intracel- 
lular ROS is one particular stress that may be relevant to life span deter- 
mination, and in this regard, it is of interest that both DAF-16 and its 
closest mammalian ortholog Foxo3a appear to regulate a number of 
cellular antioxidant proteins (5-9). 

in addition to the DAF-16 pathway, RNJAi screens performed in C 
elegans has identified a number of other putative longevity genes (10, 
11). Interestingly, functional characterization of these longevity-associ- 
ated genes have determined that a number of them appear to be impor- 
tant for mitochondrial function. Similarly, direct knockdown of compo- 
nents of the electron transport chain has also been shown to extend the 
life span of the worm (12). Analysis of these long lived mitochondrial 
mutants, as well as in depth energetic analysis of the previously charac- 
terized DAF-16-related mutants, has led to the proposal that many life 
span-extending mutants in C elegans slow aging by decreasing mito- 
chondrial metabolism (13). This hypothesis suggests that a shift away 
from trichloroacetic acid-based mitochondrial metabolism might ex- 
tend life by a reduction in oxidative stress. Nonetheless, it should be 
mentioned that the relationship between metabolic rate and ROS pro- 
duction is not straightforward (3). 

In contrast to the wealth of information regarding aging in lower 
organisms, there is relatively little known regarding the genetic control 
of mammalian life span. Only a handful of genes have to date been 
documented to be capable of extending either the mean or maximum 
age of mammalian organisms (14). One previously described knock-out 
mouse that appears to produce a long-lived but phenotypically normal 
animal was obtained after deletion of p66 sM: (15). She proteins are alter- 
natively spliced 46-, 52-, and 66-kDa isoforms that were initially viewed 
as simple adapter molecules linking receptors with downstream effector 
molecules such as Ras proteins (16). The larger p66 iA,c isoform differs 
structurally from its two other isoforms by the presence of a 14-kDa 
N-tcrminal CH2 domain. Previous studies have demonstrated that ani- 
mals deficient in p66 s/rc have an approximate 30% extension in life span 
(15). These animals are resistant to exogenous oxidative stress and also 
exhibit lower levels of spontaneous oxidative burden (15, 17, 18). Con- 
sistent with these in vivo observations, p66 shc ' / ~ cells have lower levels 
of ROS (8, 19). One potential explanation for this effect may come from 
a modest increase in scavenging capacity in these cells (8); however, this 
is unlikely to explain the much more significant decrease in basal and 
stress-induced ROS levels. 
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Given that the mitochondria represent the largest source of ROS 
generation within cells and that oxygen consumption and ROS genera- 
tion represent an important determinant in aging in a number of spe- 
cies, we sought to explore whether p66* hc might directly regulate ROS 
production by regulating mitochondrial metabolism. 

MATERIALS AND METHODS 

Cell Lines and Subcellular Fractionation— -Spontaneously immortal- 
ized MEFs ( + / + ) cells and p6e hc ~^ MEFs were a gift of Pier Pelicci 
and have been previously described (8). PCI 2 and He La cells were 
obtained from ATCC (Rockville, MD). Cells were maintained in 
Dulbecco's modified Eagle's medium supplemented with 10% fetal calf 
serum. To purify the cytosolic and mitochondrial fractions, we used the 
ApoAlert Cell Fraction kit (Clontech). To assess the distribution of 
p66 shc t 30 /xg of mitochondrial or cytosolic fractions were separated by 
SDS-PAGE, and the purity of the fractions was assessed by probing for 
the cytosolic gene product tubulin (Santa Cruz Biotechnology, Inc., 
Santa Cruz, CA) and the mitochondrial gene product COX4 (Clontech). 
For some experiments, we also collected and analyzed the initial 700 X 
g pellet containing plasma membranes. For construction of the R177A 
mutant, substitution of alanine for arginine residue at amino acid posi- 
tion 177 was performed by standard methods, and both the mutant and 
wild type were subsequently confirmed by direct sequencing. Reconsti- 
tute of p66 5Ac into p66 5/ir_/ " cells was achieved by transfection of the 
hygromycin resistance plasmid pTK-Hygro only for control cell lines or 
this resistance plasmid along with an epitope-tagged p66 5/,c ~ / ~ expres- 
sion plasmid that has been previously described (8). In both cases, 
hygromycin-resistant colonies were obtained, and p66 shc expression 
was monitored by Western blot analysis employing the epitope tag. 
For knock-down expression of p66 shc in PC 12 cells, we targeted a 20-nu- 
cleotide sequence in p66 shc : GTACAACCCACTTCGGAATG. This 
sequence was incorporated into the psiRNA vector (InvivoGen) to 
enable the continuous, endogenous expression of small interfering 
RNAs in stable clones. For oxygen consumption measurements, two 
random knockdown cell lines were compared with two random Zeocin- 
selected PC12 cell lines transfected with the psiRNA vector alone. 

Mitochondrial NADHand NADH Oxidase Measurements— Cellular 
NADH fluorescence was measured at room temperature using an exci- 
tation wavelength of 351 nm with emission monitored using a 385- 
470-nm band pass filter. Optical slice thickness was set to 1.5 ixm. 
NADH regeneration was assessed using NADH ED- FRAP as previously 
described (20-22). In brief, all ED-FRAP data analysis was performed 
using custom-written programs in the IDL programming language (RSI 
Inc., Boulder, CO). Initial rates of regeneration were determined using a 
linear regression of the first five points (2 s) after the photolysis pulse. 
Before fitting, all recovery points were filtered using a Lee filter algo- 
rithm to smooth out additive image noise. To determine NADH con- 
sumption in cytosolic or mitochondrial fractions, MEF lysate was frac- 
tionated as above, and 30 /u,g of either mitochondrial or cytosolic lysate 
protein was used. Mitochondrial protein was solubilized in lysis buffer 
(20 mM Tris, pH 7.5, 0.5% Nonidet P-40, 25 mM NaCl, 2.5 mM EDTA) 
and subsequently diluted 1 :20 (v/v) in phosphate buffer (pH 7.5), and the 
disappearance of 100 /am NADH was monitored at 340 nm. 

Metabolic Measurements — Oxygen consumption was measured 
using an oxygen electrode standardized to room air (0.2 mM 0 2 ). The 
data were digitized and stored using an analog to digital conversion 
system (DASYLab32). All measurements of oxygen consumption were 
performed in intact cells. In general, one representative experiment 
performed in triplicate is shown. All oxygen consumption experiments 
were performed on at least three separate occasions. To maximize oxy- 
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FIGURE 1. A fraction of p66* hc is associated with the mitochondria. A, subcellular 
fractionation of cytosolic (Q or mitochondria! [M) fractions were prepared from wild type 
{+/+) or p66 s/K_/ ~ mouse embryonic fibroblasts. Each lane contained 30 /ig of protein. 
The purity of the fractions was confirmed by assessing the distribution of the cytosolic 
protein tubulin and the mitochondrial protein cytochrome oxidase subunit 4 {COX4). B, 
subcellular distribution of wild type {WT) Xpress-tagged p66 shc or a site-directed posi- 
tion 1 77 mutant (Rl 77A) following transient transfection of HeLa cells. 

gen consumption, the chemical uncoupler carbonylcyanide 4-(triflu- 
oromethoxy)phenylhydrazone (FCCP; 5.0 fxM) was used. Lactate was 
measured using the lactate reagent kit (Sigma). Media from wild type 
MEFs or p66 5 * f ~'~ cells (1 X 10 6 ) were conditioned for 24 h prior to 
lactate determination. For the simultaneous determination of oxygen 
utilization and lactate levels, we employed the methods previously 
described (23). The degree of proton leak was calculated by measuring 
oxygen consumption in permeabilized cells (digitonin, 250 jug/ml) in 
the presence of oligomycin (25 ju-g/ml). ATP was measured from 1 X 10 6 
cells using the ATP determination kit (Molecular Probes, Inc., Eugene, 
OR) with cells either maintained in full media or in media lacking glu- 
cose. Six hours after glucose withdrawal, cells were lysed in buffer (20 
mM Tris, pH 7.5, 0.5% Nonidet P-40, 25 mM NaCl, 2.5 mM EDTA) for 
ATP determination. Results of ATP and lactate levels arc, except where 
indicated, the results of a single representative experiment performed in 
triplicate. All experiments were performed at least three separate times. 

RESULTS 

p66* hc Localizes to the Mitochondria and Regulates Oxygen Con- 
sumption and Oxidative Capacity — Since She proteins were viewed as 
adapter molecules for cell surface receptor complexes, the subcellular 
localization of p66' vAc as well as its two other protein isoforms, p46** c and 
pS2 shc , were initially thought to be confined to the plasma membrane. 
Recent reports have challenged this assumption, and in particular evi- 
dence suggests that p46^ c localizes exclusively to the mitochondria and 
that a 32-amino acid motif is essential for this targeting (24). This 32-a- 
mino acid motif is not unique for pA6 shc and is also contained within 
p6& hc . Consistent with these observations, recent evidence suggests 
that this larger She isoform might also be partially localized within the 
mitochondria (24, 25). As noted in Fig. 1, we also observed that a pro- 
portion of p66 t/ic was consistently found within the mitochondrial frac- 
tion. Based on calculation of the relative mass of the mitochondrial 
fraction, we estimate that —10% of p66 s/ic is contained within the mito- 
chondria of our wild type MEFs. This estimation is in good agreement 
with other recent observations (25) as well as indirect immunofluores- 
cence data (supplemental Fig. Si). 

As mentioned above, importation of p46 5/(C into the mitochondria 
requires a nonconventional N-terminal 32-amino acid targeting 
sequence and, in particular, an arginine residue at position 22 of the 
protein (24). This entire targeting sequence is also contained within the 
p66 shc isoform, but because of the N-terminal CH2 domain of p66 shc , the 
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FIGURE 2. The role of p66 l/,c in oxygen con- 
sumption. A, levels of oxygen consumption in 
one of three similar experiments comparing wild 
type MEFs (gray bars) and p66 Jhc_/ ~ cells (black 
bars). Oxygen consumption was measured in trip- 
licate under base line conditions (— ) or following 
chemical uncoupling with FCCP (5 hm) or in the 
presence of the mitochondrial inhibitor oligomy- 
cin. B, levels of oxygen consumption in seven ran- 
dom p66 sh£ ~ / ~ stable cell lines transfected with 
an empty vector expressing hygromycin resist- 
ance alone (-), or seven random cell lines with 
reconstituted wild type p66 J/K: (+). C, PC12 cells 
with and without stable expression of a short 
interfering RNA directed at p66 Jh<: . Mean oxygen 
consumption of two control and two knock-down 
cell lines each measured in duplicate are shown. 
Inset, expression levels of p66 shc in one represent- 
ative control and knockdown PCI 2 cell line. 
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FIGURE 3. p66* hc - / - MEFs have altered levels of 
lactate production. A, levels of lactate in media 
conditioned for 24 h by either wild type (+/+) or 
p66 5hc-/ " cells. \p < 0.02. B, levels of oligomycin- 
insensitive respiration in wild type and p66 lhc ~ 7 ~ 
cells. Real time oxygen consumption of intact wild 
type {+/+) and p66 s/K: ~'~ cells. The addition of 
the permeabilizing agent digitonin (DIG) did not 
materially effect oxygen consumption, whereas 
the addition of oligomycin (25 fig/ml) dramati- 
cally reduced respiration in wild type and 



p66" 



" cells. C, levels of ATP in wild type MEFs 



(+/+) or pee 5 *"'" cells at base line or 6 h after 
glucose withdrawal. 



critical arginine reside occurs at position 177. Making the correspond- 
ing Arg 177 substitution in p66 shc revealed that this amino acid change 
did not significantly alter the distribution of p66 shc (Figs. \B and SI). 
Thus, importation of p66 s/,£ " into the mitochondria appears to occur via 
a mechanism that significantly diverges from the p46 she isoform. 

We next sought to understand whether the absence of p66 shc in cells 
alters mitochondrial function. Given the relationship between mito- 
chondrial metabolism and aging, we first sought to characterize oxygen 
consumption in intact wild type and p66 s/ ' r_/ ~ cells. As noted in Fig. 2A, 
basal oxygen consumption was reduced by —30 -50% in p66 shc ~ ! ~ 
MEFs. This difference could not be explained by differences in mito- 
chondrial number, since cytochrome a and a s content was similar in the 
two cell types (wild type MEFs, 40 ± 8 /xmol/10 7 cell; p66^ c " /_ MEFs, 
50 ± 5 /xmol/10 7 cell,/? not significant). In an effort to measure maximal 
oxygen consumption, we treated cells with the chemical uncoupling 
agent FCCP. Oxygen consumption of wild type and p66 5/ir_/ ~ MEFs 
treated with FCCP demonstrated a bell-shaped concentration effect 
with maximal uncoupling noted at 5 fiM FCCP, a concentration that was 
subsequently employed in all experiments. As noted in Fig. 2A t under 
these maximally uncoupled conditions, wild type cells more than dou- 
bled their oxygen consumption, whereas p66 sbc ~ , ~ cells had a much 
more modest rise in oxygen consumption. In contrast, the addition of 
the mitochondrial inhibitor oligomycin resulted in a similar and nearly 
complete reduction in oxygen consumption in both wild type and 



pee 1 



" cells. Therefore, under resting conditions, oxygen consump- 



tion in both cell types appears to derive almost exclusively from mito- 
chondrial cytochrome chain activity, and the degree of oligomycin-in- 
sensitive uncoupled respiration appears low. 

To further confirm the role of p66 shc in regulating oxygen consump- 
tion, we generated stable cell lines with reconstituted p66 shc in an MEF 
knock-out cell background. Seven random control clones of p66 v/ " _/ ~ 
transfected with an empty vector had levels of oxygen consumption 



similar to what was previously observed in the p66 



parental cell 



line (Fig. 2B). In contrast, seven random clones transfected with a p66 shc 
expression vector had increased levels of oxygen consumption (p < 
0.01). This difference in respiration did not appear to reflect differences 
in uncoupling, since the level of oligomycin-insensitive respiration did 
not appreciably differ between the p66 A/,c -reconstituted and empty vec- 
tor clones (supplemental Fig. S2). To potentially extend these observa- 
tions to other cell types, we also created stable clones of PC12 cells 
constitutively expressing a short interfering RNA directed at p66 shc . 
Compared with two control PC12 lines, PC12 cells with knock-down 
p66 shc expression had reduced oxygen consumption (Fig. 2Cand inset). 

Absence of p6tf hc increases Aerobic Glycolysis— If pG^" 7 " cells have 
less oxygen consumption and hence less mitochondria-dependent energy 
generation, then presumably energetic demands are met through an 
increase in alternative ATP-generating pathways. One major alternative 
pathway is aerobic glycolysis, with the ATP-generating step deriving from 
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TABLE i 

Sources of ATP generation in wild type (+/+) and p66 s/,c_/ ~ MEFs 

Percentage of ATP derived from mitochondrial respiration is decreased in p66 t '" : " / " 
cells. Calculations arc based on the level of coupled respiration and aerobic glycol- 
ysis in both cell types according to previous methods (23). 

Percentage of ATP 
production from 

Respiration Glycolysis 

rwtol/min/mg protein % % 

+ /+ 2.3 ±03 10 ±0.9 24 ± 1.5 54.1 45.9 

-/- 1.4 ±0.1 14 ± 1.4 22 ± 1.6 35.0 65.0 



0 2 consumption 



Lactic 
acid 



Total 
ATP 




FIGURE 4. p66* hc alters N ADH levels. Shown is endogenous NADH fluorescent intensity 
in wild type cells (A) or in p66 lhc_/ ~ cells (8). C, quantification in arbitrary units of NADH 
fluorescent intensity. Data represent the mean ± S.D. from 25 random wild type or 
p66 i/,cw -cel!s.*,p<0.05. 



the cytosolic conversion of pyruvate to lactate. Measurement of 24- h lactate 
production revealed that p66 5hc ~*~ cells did indeed have evidence for 
increased lactate production (Fig. 3A). To understand the relative balance 
between aerobic respiration occurring in the mitochondria and glycolysis 
taking place within the cytosol, we simultaneously measured oxygen con- 
sumption and lactate levels using a previously described method (23). As 
noted in Table 1, using these values, as well as the calculated level of proton 
leak derived from oligomycin -insensitive respiration (Fig. 3B), we deter- 
mined that wild type MEFs had over half of their ATP production derived 
from aerobic respiration. In contrast, for p66 shc ~ f ~ cells, aerobic respiration 
accounted for closer to one-third of ATP production. 

The increased reliance on glycolysis for p66 s/,c ~ / ~ cells was also dem- 
onstrated by the differences in energetic homeostasis in the setting of 
glucose withdrawal. Under these conditions, oxidative phosphorylation 
is supported by the remaining carbon substrates, most notably gluta- 
mate and fatty acids. As noted in Fig. 3C, 6 h after withdrawing glucose 
from the media, wild type cells had a modest, but not statistically signif- 
icant, fall in intracellular ATP levels. In contrast, the same glucose with- 
drawal resulted in a pronounced reduction in intracellular ATP levels in 
p66 shc ~ f ~ cells. These results are consistent with the classical Pasteur 
effect, whereby an inhibition of oxidative metabolism results in an 
increased reliance on less efficient, glycolytic pathways to meet cellular 
energetic demands. 

Regulation of Mitochondrial NADH Metabolism by p66 shc — We next 
sought to further understand the basis for the difference in resting oxy- 
gen consumption between wild type and p66 Jt/rc ~'~ MEF. As noted in 
Fig. 4, A and B> microfluorometry measurements of the distribution of 
NADH appeared similar in wild type and p66 shc ~'~ cells. This technique 
predominantly measures protein-bound NAD(P)H and is therefore 
most reflective of mitochondrial rather then free cytosolic NAD(P)H 
levels. Quantification of the NADH fluorescent intensity revealed an 
approximate 20% increase in resting fluorescence in knock-out cells 
(Fig. 4Q. Since the interpretation of resting NADH levels in quiescent 
cells is difficult, we next sought to assess whether differences existed 
in NADH turnover between these two cell types. Using a previously 
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FIGURE 5. p66' hc alters mitochondrial NADH flux. A, representative NADH ED-FRAP 
time course from a single wild type {open circles) or p66 shc ~ J ~ cell [closed circles). The 
arrow indicates the timing of the photolysis pulse. B, composite analysis of the level of 
initial NADH recovery {first 2 s) following NADH to NAD photolysis in individual wild type 
{open bar, n = 11) and p66 shc ~ /_ {shaded bar, n = 1 0) cells. # , p < 0,03. 
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FIGURE 6. Permeabilized p66 Ihf mitochondria have reduced NADH consumption. 

Measurement of in vitro consumption of exogenous NADH using either cytosolic {squares) or 
permeabilized mitochondrial {circles) extracts from wild type MEFs [open symbols) or 
p££j/>c-/- ce || s ( c / ose ^ symbols). Whereas cytosolic consumption of NADH is indistinguish- 
able, consumption of exogenous NADH is reduced for p66 shc ~'~ mitochondria. 



described NADH photolysis technique, NADH ED-FRAP (20-22), we 
noted that p66 shc ~ f ~ cells exhibited an overall reduction in the degree of 
NADH regeneration following the laser-induced photolysis of NADH 
to NAD (Fig. SA). Quantification of the initial recovery rate of NADH 
regeneration following photolysis demonstrated an approximate 40% 
reduction in p66 shc ~ , ~ cells (Fig. SB). These data are consistent with 
p66 shc ~ f ~ cells having a blockage or slowing of NADH synthesis from 
NAD, a process that normally occurs either in the Krebs cycle or from 
reverse electron flow through Site I of oxidative phosphorylation (21). 

Whereas the experiments employing ED-FRAP are most consistent 
with a defect in mitochondrial NADH metabolism, we could not 
exclude a contribution from less abundant cytosolic NADH- regenerat- 
ing enzymes. Therefore, to further pursue the question of alterations in 
NADH metabolism, we prepared cytosolic and mitochondrial extracts 
from wild type and p66 i/lf ~ / ~ cells. As noted in Fig. 6, cytosolic con- 
sumption of exogenous NADH was similar in the two cell lines. In 
contrast, compared with wild type cells, permeabilized mitochondria 
derived from p66* ,IC ~ / ~ cells had a considerably slower rate of exoge- 
nous NADH consumption. As such, these biochemical measurements 
are consistent with the previously described noninvasive. NADH ED- 
FRAP measurements and suggest that the defect in NADH metabolism 
in p66 shc cells is confined predominantly to the mitochondria. 
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DISCUSSION 

The identification of gene products that regulate life span has pro- 
vided significant insight into the molecular mechanisms that underlie 
aging. In contrast to lower organisms, to date, only a handful of mam- 
malian longevity genes have been identified, and it remains unclear as to 
how these gene products actually regulate life span (14). One dominant 
theory regarding aging involves the role of overall metabolism and, in 
particular, the contribution of reactive oxygen species generated by 
mitochondrial metabolism (1-3), Here we have demonstrated that the 
mammalian longevity gene product p66 iihc functions as a regulator of 
mitochondrial metabolism. 

The impetus for our investigation began with the initial observation 
that p66 shc ~ / ~ mice exhibit increased resistance to oxidative stress such 
as was observed following paraquat exposure (15). There is also evi- 
dence that animals lacking p66 shc have a reduction in other markers of 
basal oxidative stress (17, 18). Consistent with these observations, cells 
derived from p66 v/,c animals have reduced resting and stress-induced 
levels of ROS (8, 19). In the process of performing these experiments, a 
very recent report suggested that p66 shc can generate hydrogen peroxide 
in conjunction with reduced cytochrome c (25). These authors have 
argued that this property is essential for the burst of mitochondrial ROS 
that occurs with the induction of apoptosis. Interestingly, this study 
identified a region of p66 shr required for the in vitro interaction with 
cytochrome c that is adjacent to but outside the unique CH2 domain of 
the protein. Since this identified region is also present in pS2 shc , it is 
unclear whether this ROS- producing property is also shared by the 
other She isoforms that are not currently associated with longevity. It 
also remains unclear how this ability to generate hydrogen peroxide 
following apoptotic stress relates to the observation that levels of ROS 
are chronically reduced in p66 v/H-/ ~ cells and animals, especially since 
under basal conditions, one would not expect a significant rate of apo- 
ptosis. One possibility is that nonapoptotic stresses could also activate 
p66 shc to produce hydrogen peroxide in a cytochrome c-dependent 
fashion. Although answers to these questions require further study, 
together they argue that p€6 shc has properties beyond being a simple 
adapter molecule. 

Whereas our data and previous studies suggest that a fraction of 
p66 shc localizes to the mitochondria, it is currently unclear how this 
importation occurs. In the related p46 shc molecule, an N-terminal 
stretch of 32 amino acids is responsible for directing this isoform exclu- 
sively to the mitochondria (24). This sequence is not recognized by 
current bioinformatic methods as a mitochondrial targeting sequence. 
Within this region, arginine 22 is essential for mitochondrial targeting 
(24). The corresponding 32-amino acid stretch is found in p66 shc , but as 
demonstrated here and previously, the majority of p66 shc is nonmito- 
chondrial. Similarly, as we show here, in contrast to the p46 shc isoform, 
mutation of the corresponding arginine in p66* bc does not alter the 
subcellular distribution of the protein. It remains possible that our local- 
ization of p66 sltc within the mitochondria is spurious and that the mito- 
chondrial fractions used in our subcellular fractionation experiments 
were contaminated in some fashion, perhaps by the inadvertent 
inclusion of plasma membranes. Although this remains a possibility, 
several observations argue against this. First, previous experiments 
using perhaps the gold standard of subcellular localization, immu- 
nogold electron microscopy, have consistently detected p66 shc 
within the mitochondria (25, 26). Similarly, p66 shc has been shown to 
form a molecular complex with the mitochondrial protein cyto- 
chrome c (25). Finally, analysis of our fractions suggests that, at least 
at the level of Western blot detection, the mitochondrial fractions 
are relatively free of contamination (supplemental Fig. 3). Nonethe- 



less, until more information is known regarding the mechanisms 
underlying mitochondrial localization, we cannot conclusively state 
that the metabolic effects seen in our p66 %/ ' < ~'~ ceils are due to the 
absence of p66 shc ' in the mitochondria rather then the absence of this 
protein in another subcellular compartment. 

The observations presented here suggest that p66 shc may regulate the 
partition of ATP generation in the cell and that in the absence of p66* /,t: , 
mitochondrial oxidative phosphorylation is reduced, whereas the reli- 
ance on glycolysis is increased. Given that mitochondrial electron flow 
is the major producer of cellular ROS, these results may provide an 
explanation for the previous observation that p66 s/,r ~ /_ cells and ani- 
mals have lower levels of ROS (8, 15, 17-19). It should be noted that our 
results were predominantly obtained in spontaneously immortalized 
MEFs. A similar albeit smaller role for p66 shc in regulating oxygen con- 
sumption was also seen in PC12 cells (Fig. 2C). Our preliminary obser- 
vations of oxygen consumption in primary MEFs derived from 



p66" 



animals suggest that the metabolic alterations are signifi- 



cantly less then what we observed in our immortalized MEFs (data not 
shown). Thus, the role of p66*' ,c in mitochondrial metabolism may vary 
considerably between different cell types and even between primary and 
immortalized MEFs. Although considerable drift can occur with cell 
culture, the observation that reconstitution of p66 shc in our spontane- 
ously immortalized knock-out MEFs increases oxygen consumption 
(Fig. 2B) provides strong evidence for a continuous role of p66 shc in the 
observed metabolic pbienotype. 

Although to date, relatively few mammalian longevity genes have 
been determined, there is a much richer literature from other species 
such as nematodes. Although the requirement for oxygen and the ability 
to withstand prolonged hypoxia clearly differs between worms and 
higher mammals, it is interesting to note that a number of previously 
described G elegans longevity mutants have altered mitochondrial 
metabolism (10, 11). Included among these is the isp-1 mutant, which 
has a defect in Complex III leading to decreased oxygen consumption 
and extended life (27). Similarly, RNAi methods have determined that 
inhibition of mitochondrial electron transport or other essential mito- 
chondrial proteins can often result in worms that have reduced oxygen 
consumption, lower ATP levels, and a corresponding increase in life 
span (12). Thus, as recently hypothesized, reducing the level .of mito- 
chondrial metabolism may be an important way of extending the life 
span of lower organisms (13). The results presented here, along with 
previous studies demonstrating an extended life span of p66 s/ir ~~ / "~ mice 
(15), suggest that this paradigm may also be applicable to mammalian 
species. 

Acknowledgment— We are grateful to P Peliccifor the gift of p66 shl ~ / ~ MEFs. 



REFERENCES 

1. Finkel, T., and Holbrook, N. J. (2000) Nature 408, 239-247 

2. Wallace, D. C. (2005) Annu. Rev. Genet. 39, 359 -407 

3. Balaban, R. S., Nemoto. S., and Finkel, T. (2005) Cell 120, 483-495 

4. Johnson, T. E„ dc Castro, E., Hcgi dc Castro, S., Cypscr, J., Henderson, S., and 
Tedesco, P. (2001) Exp. GerotttuL 36, 1609-1617 

5. Murphy, C. T., McCarroll, S. A., Bargmann, C. I., Fraser, A.. Kamath, R. S.. Ahringer. 
J., Li, R. and Kenyon, C. (2003) Nature 424, 277-283 

6. Lee, S. S., Kennedy, S„ Tolonen, A. C, and Ruvkitn, G. (2003) Science 300, 644 - 647 

7. McElwee, L Bubb, K.. and Thomas, ). H. (2003) Aging Cell 2, 11 1-1 21 

8. Nemoto. S.. and Finkel, T. (2002) Science 295, 2450 -2452 

9. Kops, G. I- Dansen, T. B.. Polderman, P. E.. Saarloos. L. Wirtz. K. W., Coffer. P. J., 
Huang, T. T., Bos, j. L., Medema, R. H., and Burgering, B. M. (2002) Nature 419, 
316-321 

10. Lee. S. S., Lee, R. Y.. Fraser, A. G., Kamath. R. S.. Ahringer. J., and Ruvkun. G. (2003) 
Nat Genet 33,40 -48 

1 1 . Hamilton. B., Dong. Y.. Shindo. M.. Liu, W.. Odell. I.. Ruvkun, G., and Lee, S. S. (2005) 



i 

O 
Q> 
Q. 

a 

3 
3 



cr 
o 
b 
c3 

cr 
*< 
o 



APRIL 14, 2006' VOLUME 281 -NUMBER 15 



JOURNAL OF BIOLOGICAL CHEMISTRY 1 0559 



p66 5 c Regulates Mitochondrial Metabolism 



Genes Dev. 19, 1544-1555 

Dillin, A., Hsu, A. L, Arantcs-Oliveha, N„ Lehrcr-Graiwer, J., Hsin, H., Fraser, A. G., 
Kamath, R. S. t Ahringcr, ]., and Kenyon, C. (2002) Science 298, 2398-2401 
Rea, S., and Johnson, T. E. (2003) Dev. Cell 5, 197-203 
Kenyon, C. (2005) Cell 120, 449 - 460 

Migliaccio, F.., Giorgio, M. ( Mele, S., Pelicci, G., Reboldi, P., Pandolfi, P. P., Lanfran- 
cone, L, and Pelicci, P. G. (1999) Nature 402, 309-313 

Pelicci, G., Lanfrancone. L., Grignani. F., McGlade, }., Cavallo, F., Forni, G., Nicoletti, 
I., Pawson, T., and Pelicci, P. G. (1992) Cell 70, 93-104 

17. Napoli, C, Martin- Padura. L. de Nigris, F„ Giorgio, M, Mansueto, G., Somma, P., 
Condorelli, M., Sica, G., De Rosa, G., and Pelicci, P. (2003) Proc. Nail Acad. Sci. 
US. A. 100,2112-2116 

18. Francia, P., delii Gatti, C, Bachsehmid, M, Martin-Padura, I., Savoia, C Migliaccio, 
E., Pelicci. P. G., Schiavoni, M., Luschcr, T. F., Volpc, M., and Coscntino, F. (2004) 
Circulation 110, 2889 -2895 - 

19. . Trinei, M., Giorgio, M., Cicalese, A., Barozzi, S., Ventura, A., Migliaccio, E., Milia, E., 
Padura, I. M., Raker, V. A., Maccarana, M. t Petronilli, V., Minucci, S„ Bernardi. P., 



Lanfrancone. L., and Pelicci, P. G. (2002) Oncogene 21, 3872-3878 

20. Combs, C. A., and Balaban, R. S. (2001) Biophys. /. 80, 2018-2028 

21. loubert, F. f Fales. H. M., Wen, H., Combs, C. A., and Balaban, R. S. (2004) Biophys. /. 
86, 629-645 

22. Combs, C. A., and Balaban, R. S. (2004) Methods Enzymol. 385, 257-286 

23. Sartban-Sohraby, S., Magrath, I. T., and Balaban, R. S. (1983) Cancer Res. 43, 
4662 - 4664 

24. Ventura, A., Maccarana, M„ Raker, V. A., and Pelicci, P. G. (2004) /. Biol. Chem. 279, 
2299-2306 

25. Giorgio, M„ Migliaccio, E. t Orsint, F„ Paolucci, D., Moroni, M., Contursi, C, Pelliccia, 
G., Luzi, L„ Minucci, S., Marcaccio, M. ( Pinton, P., Rizzuto, R., Bernardi, P., Paolucci, 
F.. and Pelicci, P. G. (2005) Cell 122, 221-233 

26. Orsini, F., Migliaccio, E., Moroni, M., Contursi, C, Raker, V, A., Piccini. D., Martin- 
Padura, I., Pelliccia, G., Trinei, M., Bono, M., Puri, C, Tacchetti, C, Ferrini, M. t 
Mannucci, R., Nicoletti, 1., Lanfrancone, L, Giorgio, M., and Pelicci, P. G. (2004) 
/. Biol. Chem. 279,25689-25695 

27. Feng, J., Bussiere, F., and Hckimi, S. (2001) Dev. Ceil 1, 633-644 



O 
O 
CD 



10560 JOURNAL OF BIOLOGICAL CHEMISTRY 



VOLUME 281 -NUMBER 1 5 -APRIL 14, 2006 




Available online at www.sciencedirect.com 

8CIE 



NCE^D.RECT- BBRC 



ELSEVIER Biochemical and Biophysical Research Communications 342 (2006) 503-508 



www.elsevier.com/locate/ybbrc 



p66 0 gene has a pro-apoptotic role in human cell lines and 
it is activated by a p53-independent pathway * 

Luca Tiberi a , Amir Faisal b , Matteo Rossi a , Lucia Di Telia a , 
Claudio Franceschi a,c ' d,e , Stefano Salvioli a>c ' d> * 

a Department of Experimental Pathology, University of Bologna, via S. Giacomo 12, 40126 Bologna, Italy 
b Friedrich Miescher Institute for Biomedical Research, Maulbeerstrasse 66, CH-4058 Basel, Switzerland 
c Centro Interdipartimentale "L. Galvani, " via S, Giacomo 12, 40126 Bologna, Italy 
d ER-GenTech laboratory, via Saragat 1, 44100 Ferrara, Italy 
c I.N.R.C.A., Department of Gerontological Sciences, via Birarelli 8, 60121 Ancona, Italy 

. Received 1 February 2006 
Available online 9 February 2006 



Abstract 

p66 shc protein has been proposed to be an indispensable factor for /?55-dependent, mitochondria-mediated apoptosis in mice. Here, 
we show that p66 Shc plays a pro-apoptotic role also in cell lines of human origin such as SaOs-2 and HeLa, where p53 is either absent or 
inactivated, thus, suggesting that p66 Shc pro-apoptotic role is independent from the presence of a functional form of p53. The active form 
of p66 shc is phosphorylated in Serine 36. We confirm the importance of Serine 36 phosphorylation for p66 Shc pro-apoptotic role, and our 
results suggest that the kinase involved in this process is activated independently from p53. 
© 2006 Elsevier Inc. All rights reserved. 

Keywords: p66 shc \ Oxidative stress; Apoptosis; Human cell lines; Serine phosphorylation 



She proteins have been implicated in longevity in mam- 
mals [1] and in a variety of processes such as stress 
response, proliferation, and apoptosis [2]. The shcA locus 
encodes three isoforms p46, p52 t and p66 Shc , sharing the 
same modular structure PTB-CH1-SH2 [3]. In particular, 
p66 Shc contains a unique amino-terminal region (CH2) [4] 
which is phosphorylated at Serine 36 residue (Ser36) after 
UV rays and hydrogen peroxide (H 2 0 2 ) exposure [5]. Acti- 
vation of ERKs is necessary for Ser36 phosphorylation 
after H 2 0 2 treatment and p66 shc seems to inhibit ERKs 
with a feed-back loop [6]. p66 Shc is thought to be a crucial 



* Abbreviations: H 2 0 2 , hydrogen peroxide; MEFs, mouse embryonic 
fibroblasts; ROS, reactive oxygen species; PI, propidium iodide; MMP, 
mitochondrial membrane potential; MPT, mitochondrial permeability 
transition; RNAi, RNA inhibition technique; siRNA, small interfering 
double-stranded RNA. 
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mediator of the apoptotic response to oxidative damage, 
since it has been observed that p66 shc ~ f ~ mice have 
increased resistance to oxidative stress and prolonged life- 
span. Mouse embryo fibroblasts (MEFs) derived from 
p66 Shc ~ l ~ mice display lower levels of intracellular reactive 
oxygen species (ROS) and increased resistance to oxidative 
stress [1]. The overexpression of p66 shc in Jurkat cells 
increases the percentage of apoptosis after H 2 0 2 exposure 
[7], On the whole, these data suggested a pro-apoptotic role 
for p66 Shc in response to oxidative stress [7], In fact, it has 
been reported that p66 shc is required for the elevation of 
the intracellular oxidants and for cytochrome c release 
[5], Indeed, p66 Shc appears to be localized at mitochondrial 
level, where it forms a complex with mtHsp70 and regu- 
lates the transmembrane potential [8]. More recently, a 
model for p66 Shc pro-apoptotic action at mitochondrial 
level has been proposed [9]. As far as the role of p53 in 
p66 shc activation, experimental evidence showed that 
p66 Shc protein levels are up-regulated in p53 wt, but not 
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in p53—/- MEFs after H 2 0 2 exposure [5]. Taking into 
account all the above-mentioned data, we wish to investi- 
gate if p66 Shc requires p53 to play its role in cells of human 
origin and to investigate the role of p66 shc Ser36 in oxida- 
tive stress-induced apoptosis. To this aim, we overexpres- 
sed or silenced p66 Shc in human cell lines lacking a 
functional p53 and thereafter we evaluated the susceptibil- 
ity to apoptosis and mitochondrial membrane potential 
(MMP) after exposure to hydrogen peroxide. Finally we 
have evaluated the status of Ser36 residue of p66 shc protein 
and the results obtained allowed us to speculate that Ser36 
function is independent from p53 gene function. 

Materials and methods 

Cell cultures. Human cell lines SaOs-2 and HeLa were grown in Dul- 
becco's modified Eagle's medium (Sigma, St. Louis, MO, USA) supple- 
mented with 10% fetal bovine serum (Sigma) heat-inactivated for 30 min 
at 56 °C, lOOug/ml streptomycin- 100 IU/ml penicillin (PenStrep; Bio- 
Whittaker, Verviers, Belgium), and 2 mM L-Gln (BioWhittaker); cells 
were kept at 37 °C in a humidified atmosphere (5% CO2). 

Apoptosis was induced by treatment with 50 uM H 2 C>2. In the case of 
transfected cells, H2O2 treatment was performed after 24 h from plasmid 
transfection. In the case of siRNA experiments, treatment was performed 
after 48 h from siRNA transfection. Before H 2 0 2 exposure, culture 
medium was removed and replaced with PBS + H2O2 50 uM, After 30 min 
of incubation at 37 °C, PBS and H20 2 were discarded, fresh medium was 
supplied, and cells were allowed to recover for 4 or 24 h, 

RNA extraction and reverse transcription. Total RNA was extracted 
from cells using TRIzol™ Reagent (Invitrogen, Milan, Italy) according to 
the manufacturer's instructions. Reverse transcription reactions were 
performed with 2 ug of total RNA using the M-MLV Reverse Trans- 
criptase (Invitrogen), following the manufacturer's instructions. 

Protein extraction and Western blot analysis. Total proteins were 
extracted with Co-IP Buffer (10 mM Tris-HCl, pH 7.6, 140 m NaCl, 0.5% 
NP-40, and 5 mM EDTA) added with Protease Inhibitor Cocktail (Sig- 
ma). Pellets were resuspended in Co-IP Buffer and incubated on ice for 
10 min; after centrifugation, the supernatant containing proteins is 
recovered. Thirty micrograms of proteins is used in Western blot analysis, 
using the following antibodies: p66 Shc antibody (Upstate Biotechnology, 
Charlottesville, VA, USA), ShcA antibody (BD, S. Jose, CA, USA), 
p-actin antibody (Santa Cruz Biotechnology, S. Cruz, CA, USA), and 
Caspase-3 Antibody (Cell Signaling Technologies, MA, USA). 

Plasmid transfection. HeLa and SaOs-2 cells were plated in six-well 
plates (9.6 cm 2 /well) and the following day were transfected with 0.2 ug of 
plasmid DN A/dish using Effectene™ (Qiagen, Valencia, CA, USA) 
according to the manufacturer's standard protocol. Plasmids used were 
pcDNA3p66Shc (kindly provided by Dr. Yoshikuni Nagamine, Friedrich 
Miescher Institute, Basel, Switzerland), pcDNA3.1 empty vector, and 
pcDNA3p66S36A (S36 A36, provided by Dr. Yoshikuni Nagamine). 

siRNA transfection. To perform isoform-specific knockdown, the fol- 
lowing 21-mer oligoribonucleotide pairs (Qiagen) were used: p66 shc siRNA 
5'-gAA UgA gUC UCU gUC AUC gUC-3' and 5'-CgA UgA CAg AgA 
CUCAUU CCG-V, from nt 236-256 (in the CH2 domain); non-silencing 
siRNA 5'-UUC UCC gAA CgU gUC ACg U-3' and 5'-ACg UgA CAC 
gUU Cgg AgA A-3' as negative control. 

HeLa and SaOs-2 cells were plated in six- well plates in DM EM 10% 
FBS, 2 mM L-Gln (without antibiotics) at 2 x 10 5 cells/well. The following 
day siRNAs were introduced into cells using the Oligofectamine™ Reagent 
(Invitrogen) according to the manufacturer's instructions, using 10 ul of 
20 uM siRNA and 3 ul of transfection reagent/well. 

Cytofluorimetric analysis. Flow cytometric analyses were performed 
using a FACScan flow cytometer (FACScalibur, BD). A minimum of 
10,000 cells was acquired in list mode for each sample. Analysis was 
performed using CellQuest software (BD), 



The percentage of apoptotic cells was detected by Annexin V-FITC 
(ANX-V) and PI double staining (rh-annexin V/FITC kit, Bender Med- 
Systems™, Vienna, Austria). Cells were detached by trypsinization, cen- 
trifuged, and resuspended in 200 ul of appropriate binding buffer (10 mM 
Hepes/NaOH, pH 7.4, 140 mM NaCl, and 2.5 mM CaCl 2 ), and incubated 
for 10 min at room temperature in the dark with 5 jil of Annexin V-FITC- 
conjugated. Cells were washed in PBS and finally resuspended in 300 ul of 
binding buffer plus 10 ug/ml propidium iodide. 

Mitochondrial membrane potential was assessed by JC-1 staining 
(Molecular Probes, Eugene, OR, USA). Briefly, cells were resuspended in 
1 ml of complete medium and incubated for 10 min at room temperature 
in the dark with 5 uM JC-1, then washed and resuspended in 200 ul PBS, 
and analysed as previously described [9]. 

Results 

p66 Shc overexpression in p53—l— human cell lines is able to 
increase H 2 0 2 -mediated apoptosis 

To investigate the apoptotic role of p66 shc in cells lack- 
ing p53 function, we evaluated the exposure of phosphati- 
dylserine residues (considered as an early apoptotic 
marker) in HeLa and SaOs-2 cells transfected with an emp- 
ty plasmid (pcDNA3.1) or a plasmid encoding p66 Shc 
(pcDNA3p66shc; provided by Dr. Yoshikuni Nagamine, 
Friedrich Miescher Institute, Basel, Switzerland [10]). The 
p66 Shc sequence present in the pcDNA3 vector is of mouse 
origin and it contains a mutation in the potential transla- 
tion initiator methionine codons of the p46 shc and p52 Shc 
isoforms (converted into leucine codons), and thus, it is 
able to express only the p66 shc form. Mouse amino acidic 
p66 Shc sequence displays a high degree of homology 
(94%) with human p66 shc protein, particularly in CH2 
domain (GenBank®/Mouse 14211983 and Human 
NM_1 83001). Cells were transfected and p66 shc protein 
expression analysed by Western blot. After 24 h from 
transfection with pcDNA3p66shc plasmid, an increase of 
p66 shc expression was detected by Western blotting in both 
HeLa and SaOs-2 cells, as compared to cells transfected 
with the empty vector (data not shown). Cytofluorimetric 
analysis of cells co-stained with Annexin V-FITC and pro- 
pidium iodide (PI) showed that a negligible percentage of 
apoptotic cells was detectable after transfection with the 
control empty vector (Figs. 1A and E). Similarly, after 
24 h from transfection with pcDNA3p66shc, cells did not 
show any dramatic increase of apoptosis or necrosis (Figs. 
IB and F). On the contrary, when treated with 50 uM 
H 2 0 2 for 30 min and allowed to recover for further 24 h, 
cells transfected with the empty vector showed a consistent 
percentage of cell death (Figs. 1C and G). When treated 
with 50 uM H 2 0 2 for 30 min and allowed to recover for 
further 24 h, cells transfected with pcDNA3p66shc showed 
a greater increase in the percentage of apoptotic and 
necrotic cells, as compared to cells transfected with the 
empty vector (Figs. ID and H, compared with Figs. 1C 
and G). Fig. II summarizes the results of three separate 
experiments and reports the percentage of cell death (apop- 
tosis + necrosis) in SaOs-2 and HeLa cells transfected with 
pcDNA3.1 empty vector or pcDNA3p66shc and treated 
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Fig. 1. Cytofluorimetric analysis of apoptosis with ANX V-FITC/PI in SaOs-2 and HeLa cells. (Abscissa: ANX V-FITC fluorescence; Ordinate: 
PI fluorescence.) A representative experiment out of three is shown. (A) SaOs-2 cells transfected with pcDNA3.1 empty vector. (B) SaOs-2 cells 
transfected with pcDNA3p66shc plasmid. (C) SaOs-2 cells transfected with pcDNA3.1 and treated with H 2 0 2 50 uM (24 h of recovery). (D) SaOs-2 
cells transfected with pcDNA3p66shc and treated with H 2 0 2 50 uM (24 h of recovery). (E) HeLa cells transfected with pcDNA3.1 empty vector. (F) HeLa 
cells transfected with pcDNA3p66shc plasmid. (G) HeLa cells transfected with pcDNA3.1 and treated with H 2 0 2 50 uM (24 h of recovery). (H) HeLa cells 
transfected with pcDNA3p66shc and treated with H 2 0 2 50 uM (24 h of recovery). (I) Percentage of cell death (apoptosis + necrosis) after H 2 0 2 50 uM 
(24 h of recovery). Black columns: cells transfected with pcDNA3.1; white columns: cells transfected with pcDNA3p66shc. Data represent means ± SD 
of three separate experiments. *p = 0.04, paired Students / test. 



with 50 uM H 2 0 2 . The overexpression of p66 Shc gene 
induces a significant increase of oxidative stress-induced 
cell death in both cell lines. 

Oxidative stress- induced apoptosis in p53—l— human cell 
lines is partly p66 shc -dependent 

To further demonstrate the role of p66 shc in oxidative 
stress-mediated apoptosis in p53—/— cells, we used the 
RNA inhibition technique (RNAi), an in vitro knockdown 
system (kindly provided by Dr. Yoshikuni Nagamine, 
Friedrich Miescher Institute, Basel, Switzerland, [10]). 



RNAi consists of small interfering double-stranded RNA 
(siRNA) transfected into HeLa and SaOs-2 cells to inhibit 
p66 shc expression. In these experiments we used two 
siRNA: siRNAp66Shc, specific for p66 Shc and a scramble 
siRNA, which does not recognize any human mRNA, as 
a control. We checked the p66 shc down-regulation by 
competitive RT-PCR for p66 Shc mRNA and Western blot 
analysis (data not shown). HeLa and SaOs-2 cells were 
then treated with 50 uM H 2 0 2 after 48 h from transfection 
with siRNAp66Shc plasmid. Four hours after oxidative 
stress, apoptosis has been analysed and a decrease in 
the percentage of apoptotic cells was found in HeLa cells 
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Fig. 2. Cytofiuorimetric analysis of apoptosis in HeLa cells transfected with siRNAp66Shc and H 2 0 2 50 \iM (4 h of recovery). (A,B) ANX-FITC/PI 
analysis (Abscissa: ANX V-FITC fluorescence; Ordinate: PI fluorescence). (A) Cells transfected with scramble siRNA (sx). (B) Cells transfected with 
siRNAp66Shc (sp66). (C,D) MMP analysis (JC-1 staining; Abscissa: JC-1 monomers, green fluorescence; Ordinate: JC-1 aggregates, red fluorescence; 
lower right quadrant: cells with low MMP). (C) Cells transfected with sx. (D) Cells transfected with sp66. (E) Western blot analysis of Caspase 3 cleavage 
in cells transfected with sx or sp66 and treated with H 2 0 2 50 uM (4 h of recovery). 




(Figs. 2A and B) but not in SaOs-2 cells (data not shown). 
To confirm these data, other parameters related to apopto- 
sis were assessed, i.e., the MMP, detected by means of the 
potentiometric cationic dye JC-1 [11], and cleavage of Cas- 
pase 3. Also in this case, a mild but consistent decrease of 
cells with low MMP (Figs. 2C and D) and cleavage of Cas- 
pase 3 (Fig. 2E) was observed. 

Serine 36 is required for a fully working p66 shc protein 

To check for p66 Shc Ser36 function in p53-/- human 
cell lines, we used another plasmid, pcDNA3p66S36A, 
which encodes a p66 shc protein with an Alanine residue 
at codon 36 instead of a Serine one. Cytofiuorimetric 
analysis showed that, upon H 2 0 2 treatment, both SaOs-2 
and HeLa cells, when transfected with pcDNA3p66S36A 
plasmid, have a decreased percentage of apototic cells with 



respect to those transfected with pcDNA3p66shc, thus con- 
firming that Ser36 is required for a fully working p66 shc 
protein (Fig. 3A). 

These results were confirmed by measuring MMP. Also 
in this case, cells transfected with pcDNA3p66S36A 
showed lower percentage of cells with low MMP with 
respect to those transfected with pcDNA3p66shc 
(Fig. 3B). This is in agreement with the observation that 
p66 shc is important for cytochrome c release from mito- 
chondria upon apoptogenic stimulation [8]. 

Discussion 

p66 Shc is an important component of apoptotic response 
and life span in mouse. Several studies in mouse have 
confirmed its pivotal role in oxidative stress response, but 
only few experiments have been performed in human cells. 
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Fig. 3. Cytofluorimetric analysis of SaOs-2 and HeLa cells transfected 
with pcDNA3p66S36A or pcDNA3p66shc plasmids. (A) Percentage of 
apoptotic cells as assessed by ANX V-FITC/PI double staining. (B) 
Percentage of cells with depolarized mitochondrial membrane as assessed 
by JC-1 staining. Data are expressed as percentage ±SD of three 
experiments. Black columns, pcDNA3p66S36A; white columns, pcD- 
NAp66shc. *p < 0.05; **p < 0.01, Student's t test. 



In particular, we reported that dermal fibroblasts from 
aged subject and centenarians have higher expression of 
p66 SHc with respect to young people, both as mRNA and 
protein [12]. Further, in centenarians p66 shc expression 
was correlated with a polymorphism of p53 gene at codon 
72, suggesting a functional link of p53 with p66 Shc . 

In this study, we observed an increase in apoptosis 
imputable to p66 Shc overexpression in cell lines of human 
origin, thus confirming the proposed p66 shc pro-apoptotic 
role also in human cells. Moreover, p66 shc is not able to 
induce apoptosis per se, but only after oxidative stress, thus 
suggesting that it has to be considered not as a direct effec- 
tor of cell death but rather an adaptor factor that can 
potentiate (or amplify) an upstream apoptotic signal. 
Moreover, we could confirm that the Serine at residue 36 



is important for mitochondrial p66 Shc action 



Experimental evidence has showed that p66 Shc protein 



levels are modulated by p53, in particular p66 Shc appears 
to be up-regulated after H 2 0 2 treatment in />55+/+ cells, 
but not in p53-/- MEFs [5], In order to investigate if 



p66 Shc requires physical interaction with p53 protein (which 



is known to localize at mitochondrial level upon apoptotic 
stimulation) [13,14], we evaluated the susceptibility to 
apoptosis and the depolarization of mitochondrial mem- 
brane after hydrogen peroxide exposure in human cell lines 
lacking a functional p53 gene and transiently transfected 
with plasmid encoding for p66 shc . In such cells we could 
observe that even in the absence of functional p53 protein, 
p66 shc maintains a pro-apoptotic function in response to 
oxidative stress, suggesting that its action is independent 
from direct or indirect interaction with p53 protein. More- 
over, we could confirm that p66 shc is responsible, at least to 
some extent, for the apoptotic response to oxidative stress 
also in human cells, as we found that in p66 shc knocked- 
down cells there is an impaired apoptotic response to 
H 2 0 2 treatment. 

It has been recently reported that mitochondria-local- 
ized p66 shc is able to induce mitochondrial permeability 
transition (MPT), oxidation of cytochrome c, and produc- 
tion of H 2 0 2 [9]. In our hands, the overexpression of p66 shc 
did not induce per se a decrease of MMP, thus it is unlikely 
that a phenomenon of MPT occurs directly upon p66 shc 
overexpression. This suggests that p66 Shc mitochondrial 
localization is likely to occur only after stress. 

Finally, we have evaluated Ser36 function for. a fully 
working p66 shc protein and we observed that Ser36 modu- 
lates not only apoptosis but also MMP, and our data sug- 
gest that it is phosphorylated in a p53-independent manner. 
Also, no data are available about the possible mechanisms 
of action of p66 shc Ser36. It is to note that Ser36 is 
contained into a S-P motif that is a possible target of the 
isomerase Pinl. Pinl is an enzyme that isomerizes 
phosphorylated Ser/Thr-Pro bonds and regulates different 
biological processes and pathological conditions. The 
importance of this Serine residue could likely be due to 
the fact that Pinl isomerization is required for the p66 shc 
function in mitochondrial depolarization. Further studies 
are needed to identify possible interactions of p66 shc with 
Pin and other proteins. 
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Reduction of p66Shc Suppresses Oxidative Damage 
in Retinal Pigmented Epithelial Cells and Retina 

ZHIHAO WU, BRIAN ROGERS, SHU KACHI, SEAN F. HACKETT, 
ANNA SICK, and PETER A. CAMPOCHIARO* 

Departments of Ophthalmology and Neuroscience, 
Johns Hopkins University School of Medicine, Baltimore, Maryland 

The largest isoform of the She adapter protein, p66Shc, has been implicated in oxidative damage-induced apoptosis in vital organs, 
because mice deficient in p66Shc have a 30% increase in life span and are resistant to the lethal effects of systemically administered 
paraquat, a source of severe oxidative damage. In this study, we utilized siRNA directed against the CH2 domain of She, to reduce 
p66Shc, but not p52Shc nor p46Shc in retinal pigmented epithelial (RPE) cells. RPE cells deficient in p66Shc had reduced 
susceptibility to oxidative stress-induced apoptosis. Compared to control cells, those with reduced p66Shc had increased basal and 
oxidative stress-induced NF-kB transcriptional activity, increased levels of antioxidant enzymes, and less generation of reactive 
oxygen species when challenged with H 2 0 2 . The increase in oxidative stress-induced NF-kB activity was mediated by activation of 
ERK. Compared to eyes injected with GFP si RNA, those injected with p66Shc si RN A showed less loss of retinal function as assessed 
by electroretinograms from paraquat-induced oxidative stress. These data suggest that p66Shc and molecular signals involved in its 
regulation provide therapeutic targets for retinal degenerations in which oxidative-damage plays a major role, including age-related 
macular degeneration and cone cell death in retinitis pigmentosa. J. Cell. Physiol. 209: 996-1005, 2006. © 2006 Wiley-Liss, Inc. 



Oxidative damage has been implicated in the patho- 
genesis of age-related macular degeneration (AMD) 
(The Age-Related Eye Disease Study Research Group, 
2001) and in cone cell death after rods degenerate in 
retinitis pigmentosa (RP) (Shen et al., 2005b). The Age- 
Related Eye Disease Study (AREDS) has shown that 
oral administration of antioxidant vitamins and/or zinc 
has a beneficial effect in patients with AMD, and while 
the benefit is rather modest, it provided proof-of-concept 
for bolstering the retina's defense system against 
oxidative damage as a treatment strategy for AMD 
(The Age-Related Eye Disease Study Research Group, 
2001). One way to improve on the results of AREDS is to 
identify additional antioxidants that can be added to the 
AREDS formulation to provide greater protection to the 
retina against oxidative damage. However, exogenous 
antioxidants are only one component of the oxidative 
defense system in any particular tissue. The primary 
line of defense is an elaborate system of antioxidant 
enzymes. Thus, a second treatment strategy for AMD 
and RP is to characterize the endogenous antioxidant 
defense systems in rods and cones and develop ways to 
strengthen them. A third, complementary approach is to 
determine how oxidative damage leads to death of rods 
and cones and identify ways to intervene at this 
downstream step. 

A major way in which oxidative damage leads to cell 
death is by inducing apoptosis. Recently a member of 
the She protein family has been identified as a critical 
molecule linking oxidative damage to apoptosis 
(Migliaccio et al., 1999). There are three members of 
the She family, ShcA, ShcB, and ShcC, that each has an 
N-terminal phosphotyrosine binding (PTB) domain and 
a C-terminal Src homology-2 (SH2) domain (Pelicci 
et al., 1996). ShcA is expressed in many tissues, while 
ShcB and ShcC are expressed only in neurons. ShcA 
(also designated She) was identified as an adapter 
protein that couples activated growth factor receptors 
to Ras and the mitogen-activated protein (MAP) kinase 
cascade (Ravichandran, 2001). There are three isoforms 
of She, p66Shc, p52Shc, and p46Shc that are 66, 52, or 46 
kDa in size, respectively. All three isoforms have a 



central collagen homology domain (CHI) containing 
tyrosine residues that when phosphorylated in p52Shc 
or p46Shc mediate MAP kinase signaling. Thus p52Shc 
and P46Shc function to amplify signaling through 
tyrosine kinase receptors to enhance mitogenesis and 
other growth factor functions. The longest isoform, 
p66Shc, does not enhance actions of growth factors, 
but rather serves as a negative modulator by acting as a 
dominant-negative inhibitor of p52Shc- and p46Shc- 
mediated stimulation of MAP kinase (Migliaccio et al., 
1997). 

An N-terminal CH2 domain that is not present in the 
two shorter isoforms mediates a second function of 
p66Shc. This domain contains a serine residue at 
position 36 (Ser36) that is phosphorylated in cells that 
are exposed to ultraviolet (UV) light or H2O2 (Migliaccio 
et al., 1999). Mice with a targeted mutation of the exon 
encoding the CH2 domain of She are deficient in p66Shc, 
but not p52Shc nor p46Shc. The mutant mice had a 30% 
increase in life span compared to wild-type mice and 
were resistant to the lethal effects of systemic injection 
of paraquat, a source of severe oxidative damage. 
Embryonic fibroblasts from the mutant mice were 
protected against UV light- or H 2 0 2 -induced apoptosis. 
Thus, the phosphorylation of the unique Ser36 in 
p66Shc plays a critical role in linking oxidative stress 
to apoptosis. 
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It is not known if p66Shc mediates death of retinal 
cells from oxidative damage. As noted above, ShcB and 
ShcC are selectively expressed in neurons and in some 
neurons ShcA is low or undetectable, but it is unclear 
what the level of expression of ShcA is in retinal neurons 
or non-neuronal cells such as retinal pigmented epithe- 
lial (RPE) cells or Muller cells, which are derived from 
neural ectoderm, but are not neurons. In this study we 
investigated the role of p66Shc in oxidative damage in 
the RPE and retina. 

MATERIALS AND METHODS 
Reagents and cells 

The inhibitors PD98059, LY294002, p38 inhibitor, and PP2 
were purchased from Calbiochem (San Diego, CA) and used at 
the concentrations of 50, 20, 10, and 5 uM, respectively. These 
concentrations were found to be effective in previous studies 
(Ceryak et al., 2004; Lee et al, 2004a,b; Hayashi et al., 2005). 
Rabbit polyclonal anti-She antibody generated from human 
She SH2 domain was obtained from Transduction Laboratories 
(Hanover, MD). Anti-phospho-p44/42 Map kinase, anti-Map 
kinase, and anti-Akt antibodies were obtained from Cell 
Signaling (Beverly, MA). Human RPE cells were isolated as 
previously described (Campochiaro et al., 1986) and grown in 
Dulbecco's modified Eagle's medium (DMEM) supplemented 
with 10% fetal bovine serum. 

Small interfering RNA (siRNA) 

Two siRNAs that specifically target both human and mouse 
p66Shc and not p52Shc nor p46Shc, 5'-UGA GUC UCU GUC 
AUC GCU GdTdT-3' and 5'-CAG CGA UGA CAG AGA CUC 
AdTdT-3', were designed using the "siRNA Target Finder and 
Design Tool" provided on the website (www.ambion.com) for 
Ambion, Inc. (Austin, TX). To provide a control, siRNAs 
directed against GFP were designed, 5'-ACG ACU UCU UCA 
AGU CCU UdTdT-3' and 5'-AAG GAC UUG AAG AAG UCG 
UdGdC-3'. RPE cells were plated in 6- well plates and when the 
cells were 30-50% confluent, siRNAs directed against p66Shc 
or GFP were added in final concentration of 1 uM with 
oligofectAMINE (Invitrogen, Carlsbad, CA) or X-tremeGENE 
siRNA Transfection Reagent (Roche, Nutley, NJ) using the 
manufacturers instructions. 

Immunoblots 

At various times after addition of siRNAs, the levels of She 
isoforms were assessed by immunoblots. Other immunoblots 
were done to assess for phosphorylated p44/42 MAP kinase. 
RPE cells were seeded in 6-well plates (10 5 cells per well) and 
after various treatments they were lysed in pre-warmed 
Laemmli buffer (Bio-Rad, Hercules, CA). For each sample, 
the entire pre-cleared cell lysate was added to a well of a 12% 
acrylamide gel and resolved by SDS-PAGE. The separated 
proteins were transferred to a nitrocellulose membrane 
(Hybond-ECL, Amersham Biosciences, Piscataway, NJ). 
Non-specific binding was blocked by incubation with 5% non- 
fat milk at room temperature for 2 h and then the membranes 
were incubated with primary antibody overnight at 4°C. The 
various primary antibodies used were rabbit polyclonal anti- 
human She (1:500, Transduction Laboratories), rabbit poly- 
clonal anti-phospho-p44/42 MAP kinase (1:1,000, Cell Signal- 
ing), and rabbit polyclonal anti-Akt (1:1,000, Cell Signaling). 
The proteins were detected by SuperSignal western Pico 
lumino/Enhancer solution using horseradish peroxidase- 
linked anti-rabbit IgG (Pierce, Rockford, IL). Blots were 
quantified by densitometry using a Bio-Rad Molecular Imager 
FX and Quantity One software. 

Cell viability assays 

Cells were plated in 6-well plates and using oligofectAMINE 
(Invitrogen) as a carrier were transfected with either p66shc 
siRNA or GFP siRNA as a control. At 24, 48, or 72 h after 
addition of siRNA, cells were placed in serum-free medium and 
0.8 mM H 2 0 2 was added. Cell viability was determined 24 h 
after addition of H 2 0 2 by Trypan Blue exclusion. Trypan Blue 
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(0.4%) (Sigma, St. Louis, MO) is a dye that is taken up by dead 
cells and excluded by living cells. Cultures were trypsinized 
and the number of stained and unstained cells per ml was 
counted in a hemocytometer allowing calculation of the 
number of viable cells per well. For long-term survival assays, 
the cells were placed in serum-free medium and treated with 
0.8 mM H 2 0 2 72 h after initial transfection. Cells were 
trypsinized and counted with a Coulter Counter at indicated 
time points after H 2 0 2 exposure. 

Determination of intracellular ROS levels 

Seventy-two hours after addition of siRNAs, cells were 
placed in serum-free medium containing various concentra- 
tions of H 2 0 2 for 30 min and then 30 uM 2 / ,7'-dichlorofluor- 
escein diacetate (DCFDA; Molecular probes, Inc. Eugene, OR), 
an efficient probe for identification of free radicals (Yoshida 
et al., 2003), was added. After 30 min, the cells were examined 
with an inverted fluorescence microscope (Nikon Elipse 
TE2000U). In similar experiments, 5 uM hydroethidine was 
added to RPE cell cultures 30 min after addition of H 2 0 2 and 
after an additional 30 min fluorescence microscopy was done. 

In situ terminal deoxynucletidyltransferase-mediated 
deoxy-UTP nick end labeling (TUNEL) 

The commercially available Apoptag Plus Fluorescein In 
Situ Apoptosis Detection kit (Chemicon International, Inc. 
Temecula, CA) was used to detect apoptotic cells. Seventy-two 
hours after lipofection with siRNAs, cells were placed in 
serum-free medium for 24 h and then incubated for 5 h in the 
presence or absence of H 2 0 2 . Cells were fixed and apoptotic 
cells were determined with the Apoptag kit using the 
manufacturer's instructions. The percentage of the total 
number of cells that were apoptotic was quantified with Scion 
image software. 

Quantitative real-time PCR 

Total RNA was isolated at the indicated time using the 
RNAeasy kit (Qiagen, Valencia, CA) and incubated with 
rDNase I (DNA- free?™ kit, Ambion, Inc.) to remove any traces 
of contaminating DNA. Reverse transcription was performed 
at 50°C for 1 h using 2 ug of total RNA, 1 ul of Superscript™ III 
reverse transcriptase, 1 ul of oligo(dT) 20 (50 uM), 1 ul of 10 mM 
dNTP, 4 ul of 5x First-stand buffer, 1 ul of 0.1 M DTT, and 1 ul 
of RNAseOUT (Invitrogen). Each 20 ul of PCR reaction 
mixture was prepared using the LightCycler FastStart DNA 
Master PULS SYBR Green I kit (Roche). The primer pairs used 
for each mRNA that was measured is shown in Table 1; they 
were designed to hybridize in two different exons or at exon/ 
intron boundaries to prevent amplification of any remaining 
genomic DNA. The amplification conditions were optimized for 
each primer set, but in general the following conditions were 
used for most primer sets; denaturation at 95°C for 15 sec, 
annealing at 55°C for 5 sec, and extension at 72°C for 12 sec for 
a total of 40 cycles. Under optimized conditions there was a 
single melting curve and no primer- dimer formation. The copy 
number for each mRNA was determined using a standard 
curve generated with external standards of known copy 
number. The transcript of human ribosome protein (Large Po 
subunit) was used as an internal control. 

Luciferase assays for NF-kB activity 

RPE cells were plated in 6-well plates and co-transfections 
were done at 80-90% confluence. An NF-KB-responsive 
reporter plasmid (pTAL-NF-icB, BD Biosciences Clontech, 
Mountain View, CA) and a Renilla luciferase vector (pRL- 
SV40 vector, Promega, Madison, WI) were co-transfected with 
either p66shc or GFP siRNA using X-tremeGENE siRNA 
Transfection Reagent (Roche). Seventy- two hours after trans- 
fection, cells were placed in serum-free medium for 24 h, 
treated with H 2 0 2 for 5 h, and lysed with passive lysis buffer 
(Promega). For inhibitor studies, cells were pre- treated with 
PD98059, LY294002, p38 inhibitor, or PP2 for 30 min before 
the addition of H 2 0 2 . Luciferase activity was measured using 
the Dual-luciferase reporter assay system with a luminometer 
according to the manufacturer's instructions. Firefly luciferase 
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TABLE 1. Sequences of real-time PCR primers 



Gene 


Genebank accession number 


Primer 


PCR product (bp) 


S0D1 


AY835629 


Forward: 5'-agggcatcatcaatttcgag-3' 
Reverse: 5'~acattgcccaagtctccaac-3' 


216 








S0D2 


BC035422 


Forward: 5'-tgaacaacctgaacgtcacc-3' 
Rfivprsp - f5 / -ccatcpac0'Cflctrrttrta-3 / 


241 








S0D3 


AY787834 


Forward: 5'-ctgggtgcagctctcttttc-3' 
Reverse: 5 /- acatgtctcggatccactcC"3 ; 


183 


Catalasc 


NM 001752 


Forward: 5'-gcctgggacccaattatctt-3' 


202 




BC009699 


Reverse: S'-gaatctccgcacttctccag-S' 




MT-1E 


Forward: 5'-atggaccccaactgctctt-3' 

Rpvprsp' S'-flPflCTHP'ptp'pflrtt.rt'.rp-vV 


179 


MT-2A 


NM 005953 


Forward: 5'-atggatcccaactgctcct-3' 


178 








GPX1 


BC007865 


Forward: 5'-ctcttcgagaagtgcgaggt-3' 

RpvPrQP' S'-t-fCO \ crt nt crcri ci cfcra 


235 








GPX3 


NM_002084 


Forward: 5'-tgcaaccaatttggaaaaca-3' 

rTpvpr^p* fi'-f tpflt ccrcrf tpppflcrnflcrn 

Av^YdOtJ* v ttl/U t egg t ILvLtlgClug Qg (J 


223 








GPX4 


BC058329 


Forward: 5'-tcagcaagatctgcgtgaac-3' 
Rpvprsp* fi / -c r P , £Tc r PflP"o r tpptt/ , tpl'flt'/ , -3' 


194 








GSTM1 


AYS 10272 


Forward: 5'-atgcccatgatactggggta-3' 
T?pvprsp* S'-P+,cncppppflt.pfiat/*Rnc+-5l' 


203 


GSTM2 


NM 000848 


Forwflrfi* R'-afypnfrati'PiJ'PErnnp'apnt'f'-.T 


201 


GSTM3 




Reverse: 5 ; ~gcgatgaaatccacaaaggt-3' 




NM 000849 


Forward: 5'-taatggatttccgcacacaa-3' 

Rfivprsp • -cct tea Fffttt (yjyfya antra -3' 


236 








GSTM4 


BC108729 


Forward: 5'-tttggagaaccaggctatgg-3' 
Reverse: 5'-ggacatcataggcgaggaaa-3' 


193 


GSTM5 


BC058881 


Forward: 5'-gactctggggtactgggaca-3' 
Reverse: 5'-gtgagccccatcaatcaagt-3' 


195 


GSTP1 






BT019950 


Forward: 5'-ggagacctcaccctgtacca-3' 
Reverse: 5'-gggcagtgccttcacatagt-3' 


197 


GSTT1 


BT019951 


Forward: 5'-ggccttccttactggtcctc-3' 


188 


GSTT2 




Reverse: 5'-ttggccttcagaatgacctc-3' 




NM_000854 


Forward: 5'-gcccgtgttcatgagtacct-3' 
Reverse: 5'-aacttgtcctccagccattg-3' 


172 








She 


NM_183001 


Forward: 5'-gccgagtatgtcgcctatgt-3' 
Reverse: 5'-gggtgggttcctgaggtatt-3' 


149 



activities were normalized to Renilla luciferase activities for 
transfection efficiency. 

Subretinal injections 

Adult female BalbC mice (6- to 8- week-old) were treated 
humanely in strict compliance with the Association for 
Research in Vision and Ophthalmology statement on the use 
of animals in research. They were kept in a 12:12 h light/dark 
cycle. Subretinal injections were done with a Harvard pump 
apparatus and pulled glass micropipettes as previously 
described (Mori et al., 2001). Micropipettes were calibrated to 
deliver 1 ul of vehicle upon depression of a foot switch. Mice 
were anesthetized, pupils were dilated, and the pipette tip was 
passed through the sclera posterior to the limbus. The retina 
was visualized using a condensing lens system on the 
dissecting microscope and a plastic ring filled with GONAK 
(AKORN, Buffalo Grove, IL) that served as a contact lens. The 
pipette tip was positioned just above the retina and depression 
of the foot switch caused a jet of injection fluid to penetrate the 
retina. This technique is very atraumatic and the direct 
visualization allows confirmation of successful subretinal 
injection by the appearance of a small retinal detachment 
(bleb). The blebs were quite uniform in size and involved about 
1/4 of the retina. 

The siRNA was mixed with oligofectAMINE (Invitrogen) in 
Opti-MEM medium (Invitrogen) and incubated at room 
temperature to allow stable complexes to form. One microliter 
of 4% oligofectamine containing 1 pmol of either GFP or p66Shc 
siRNA was injected under the retina. 

Electroretinograms (ERG) 

Single-flash, scotopic ERG were performed as previously 
described (Okoye et al., 2003). Mice were dark-adapted over- 
night for 12 h, and recordings were performed under dim 
red illumination with an Espion ERG Diagnosys machine 
(Diagnosys LLL, Littleton, MA). Mice were anesthetized by 



intraperitoneal injection of Avertin (Aldrich, Milwaukee, WI) 
and corneas were anesthetized with a drop of 0.5% propar- 
acaine hydrochloride (Alcon Labs, Forth Worth, TX). Pupils 
were dilated with a drop of 1% tropicamide (Alcon Labs). Mice 
were placed on a pad heated to 39°C, and platinum loop 
electrodes were placed on each cornea after application of 
Gonioscopic prism solution (Alcon Labs). A reference electrode 
was placed subcutaneously in the anterior scalp between 
the eyes, and a ground electrode was inserted into the tail. The 
head of the mouse was held in a standardized position in a 
ganzfeld bowl illuminator that ensured equal illumination of 
the eyes. Electrical impedance was balanced for each pair of 
eyes measured. Simultaneous recordings from both eyes were 
made for 11 intensity levels of white light ranging from -3.00 
to 1.40 loged-sec/m 2 . The Espion ERG apparatus measures the 
ERG response six times at each flash intensity and records the 
average value. 

RESULTS 
Knockdown of p66Shc reduces RPE cell 
susceptibility to oxidative stress-induced apoptosis 

Substantial levels of the three isoforms of She were 
present in RPE cells (Fig. 1A). To selectively knockdown 
p66Shc, a siRNA was designed that targets the first exon 
of She that encodes the N-terminal CH2 domain, which 
is present in the mRNA for p66Shc, but not the mRNA 
for p52Shc and p46Shc. After addition of the siRNA 
directed against GFP to RPE cells, immunoblots showed 
that all three isoforms of She increased over the ensuing 
72 h (Fig. 1A). There was a similar increase in p52Shc 
and p46Shc protein for 72 h after addition of siRNA 
directed against p66Shc to RPE cells, but there was a 
decrease in p66Shc mRNA confirmed by densitometry 
(Fig. IB). Compared to cells incubated with GFP siRNA, 
cells incubated with p66Shc siRNA showed a decrease in 
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Fig. 1. Lipofection of retinal pigmented epithelial (RPE) cells with 
p66Shc siRNA selectively reduces p66Shc and decreases oxidative 
stress- induced cell death. RPE cells (10 5 cells per well) were seeded in 
6-well plates and transfected with siRNA directed against p66Shc or 
GFP mRNA. At 24, 48, or 72 h after transfection, the entire lysate from 
wells transfected with p66Shc siRNA or corresponding wells of control 
cells transfected with GFP mRNA were harvested and run in 
immunoblots using an antibody directed against She. Cells trans- 
fected with GFP siRNA showed an increase in all three isoforms of She 
between 24 and 72 h after transfection, while cells transfected with 
p66Shc siRNA showed a selective decrease in p66Shc (A). Densito- 
metry confirmed that p66Shc increased in RPE cells during the 72 h 
after transfection of GFP siRNA, but decreased in RPE cells 
transfected with p66Shc (B). Compared to control cells, cells treated 
with p66Shc siRNA showed reductions in p66Shc of roughly 40% at 
48 h and 60% at 72 h (C). These data were confirmed in an 
independent experiment. RPE cells were plated in 6-well plates at 



10 5 cells per well and at 50% confluence they were transfected with 
p66Shc or GFP siRNA. As an additional control, some cells were not 
transfected (no siRNA). At 24, 48, 72, or 96 h after transfection (D) or 
4, 5, or 6 days after transfection (E), cells (triplicate wells for each 
group) were placed in serum-free medium containing 0.8 mM H 2 0 2 for 
24 h. The cells were then washed and after incubation in Trypan Blue, 
the percentage of unstained cells per well was determined by counting 
stained and unstained cells in a hemocytometer. For both D and E, a 
single experimental value was derived from the mean of triplicates 
and the mean (±SD) of three experimental values from independent 
experiments was plotted. F: To determine whether siRNA knockdown 
persisted for the duration of the experiment shown in (E), additional 
immunoblots were performed. The procedure was the same as that 
described in (A), except that cell lysates were collected 72, 96, 120, and 
144 h after transfection. *P<0.05 by unpaired £-test for difference 
from GFP siRNA-treated cells 



p66Shc protein that was roughly 40% at 48 h and 60% at 
72 h (Fig. 1C). 

At 24, 48, or 72 h after addition of GFP or p66Shc 
siRNA, or no siRNA, RPE cells were incubated with 0.8 
mM H 2 0 2 for 24 h and viability was assessed by Trypan 
Blue exclusion. The number of viable cells was similar 
when H 2 0 2 was added 24 or 48 h after no additions or 
addition of GFP or p66Shc siRNA, but when H 2 0 2 was 
added 72 or 96 h after addition of siRNA, cells incubated 
with p66Shc siRNA showed significantly more viable 
cells 24 h after addition of H 2 0 2 than GFP siRNA- 
treated or -untreated cells (Fig. ID). To determine the 
effect of prolonged exposure to H 2 0 2 , RPE cells were 
treated with GFP or p66Shc siRNA and after 72 h the 
cells were place in serum-free medium containing 



0.8 mM H 2 0 2 . The number of surviving cells was 
counted at 4, 5, and 6 days after exposure to H 2 0 2 and 
at each time point there were significantly more p66Shc 
siRNA-treated cells (Fig. IE) and less p66shc (Fig. IF) 
than GFP siRNA-treated or -untreated cells. 

Seventy-two hours after no treatment or treatment 
with GFP or p66Shc siRNA, RPE cell cultures were 
placed in serum-free medium for 24 h and then 
incubated with 0, 0.8, or 1 mM H 2 0 2 for 5 h. TUNEL 
showed rare stained cells in cultures not exposed to 
H 2 0 2 (Fig. 2A, top row). In untreated or GFP siRNA- 
treated cultures incubated with 0.8 or 1 mM H 2 0 2 there 
were numerous stained cells, but after exposure to 
either concentration of H 2 0 2 there were few stained 
cells in p66Shc siRNA-treated cultures (Fig. 2A, middle 



Journal of Cellular Physiology DOI 10.1002/jcp 



1000 



WUET AL. 



None 



p66Shc 




DNO SiRNA 
■ GPP StRNA 
Dp66Shc siRNA 



H2O2 (mM) 



Fig. 2. Knock-down of p66Shc protects RPE cells from oxidative 
stress- induced apoptosis. Seventy- two hours after transfection with 
p66Shc or GFP siRNA, RPE cells were washed, incubated in serum- 
free medium for 24 h, and then incubated in 0, 0.8, or 1.0 mM H 2 0 2 for 
5 h. Cells were fixed and the percentage of apoptotic cells per well was 
determined by the Apoptag assay. Cells were count erstained with 
propidium iodide to determine the total number of cells. A: 
Fluorescence microscopy shows hyperfluorescent nuclei of apoptotic 
cells among faint background illumination of nuclei of normal cells. 
There are few apoptotic cells in p66Shc siRNA-treated cells incubated 
with 0, 0.8, or 1.0 mM H 2 0 2 . Untransfected cells (none) or GFP siRNA- 



treated cells incubated with 0 mM H 2 0 2 also had few apoptotic cells, 
but those incubated with 0.8 or 1.0 mM H 2 0 2 showed many apoptotic 
cells. The mean percentage (±SD) of apoptotic cells calculated from 6- 
wells for each condition is shown in (B). Treatment with 0.8 or 1.0 mM 
H 2 0 2 resulted in significantly less apoptosis in p66Shc-deficient cells 
compared to controls. There was essentially no difference between 
untransfected cells and those transfected with GFP siRNA. Therefore, 
statistical comparisons were made between cells transfected with 
p66Shc siRNA or GFP siRNA using a two-tailed *-test, (*P< 0.018; 
**P< 0.00035.) 



and bottom rows). Quantification confirmed that these 
were significantly fever TUNEL-positive cells in p66shc 
SiRNA-treated cultures (Fig. 2B). 

Knockdown of p66Shc reduces ROS 
levels in H 2 0 2 -treated cells 

We sought to determine if reduction of p66Shc has its 
effect solely to block initiation of apoptosis or whether it 
has any effects upstream that could reduce stimuli that 
lead to apoptosis. We hypothesized that knockdown of 
p66Shc would not reduce oxidative stress-induced levels 
of ROS. To test this hypothesis, we used DCFDA, which 
is a non-fluorescent, membrane permeable molecule 
that is hydrolyzed inside cells to become impermeable 
and thereby trapped, and in the presence of ROS forms a 
fluorescent product, 2',7'-dichlorofluorescein, allowing 
assessment of the level of ROS by fluorescence micro- 
scopy. We also used hydroethidine, which is converted to 
ethidium in the presence of superoxide radicals. 
Seventy-two hours after no treatment or lipofection 
with GFP or p66Shc siRNA, RPE cells were placed in 
serum-free medium for 24 h and then treated with 
various concentrations of H 2 0 2 for 30 min and incubated 
with 30 uM DCFDA or 5 uM hydroethidine for an 
additional 30 min. In untreated RPE cell cultures and 
those that had been treated with GFP siRNA and not 
exposed to H 2 0 2 , there were several fluorescent cells, 
some of which were brightly fluorescent, suggesting a 



basal level of oxidative stress (Fig. 3, top row). There 
were few fluorescent cells and none that were brightly 
fluorescent in RPE cell cultures that had been treated 
with p66Shc siRNA (Fig. 3, top right of each major 
column). Exposure of non-transfected or GFP siRNA- 
treated cells to 0.8 mM H 2 0 2 for 30 min resulted in a 
substantial increase in the number of fluorescent cells 
(Fig. 3, middle row) compared to unexposed cells, and 
there was a greater increase by exposure to 1.0 mM 
H 2 0 2 (Fig. 3, bottom row). In contrast, there was little 
increase in the number of fluorescent cells or the 
intensity of fluorescence per cell in p66Shc-treated 
RPE cell cultures exposed to 0.8 mM (Fig. 3, middle 
row, right panel of each major column) or 1.0 mM H 2 0 2 
(bottom row, right panel of each major column). Thus, 
contrary to our expectations, p66Shc knockdown 
reduced basal and oxidative stress-induced levels of 
ROS in RPE cells. 

Knockdown of p66Shc causes increased 
expression of several antioxidant enzymes 

Antioxidant enzymes are a major component of the 
defense system utilized by cells to counter ROS produced 
secondary to cellular metabolism or from exposure to 
oxidative stress. Quantitative real-time RT-PCR was 
used to assess the impact of p66Shc knockdown on 
mRNA levels for several antioxidant enzymes, includ- 
ing Superoxide Dismutase 1 (SOD1), SOD2, SOD3, 
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Fig. 3. Knockdown of p66Shc reduces ROS in RPE cells under basal 
conditions and in the presence of oxidative stress. Seventy-two hours 
after transfection with p66Shc or GFP siRNA, RPE cells were placed 
in serum-free medium for 24 h, and then treated with 0, 0.5, or 1.0 mM 
H 2 0 2 for 30 min. After an additional 30 min incubation in 30 |iM 2',7'- 
dichlorofluorescein diacetate (DCFDA) or 5 uM hydroethidine, which 




Hydroethidine 

generate fluorescent molecules in the presence of ROS, the cells were 
visualized and photographed under a fluorescence microscope. 
Compared to control cells, p6 6 She-deficient cultures showed fewer 
highly fluorescent cells and an overall lower level of fluorescence 
under basal conditions or in the presence of 0,5 or 1.0 mM H 2 0 2 . 



Glutathione Peroxidase 1 (GPxl), GPx3, GPx4, Cata- 
lase, Glutathione S-Transferase Ml (GST-MI), GST- 
M2, GST-M3, GST-M4, GST-M5, GST-T1, GST-T2, 
GST-PI, Metallothionein IE (MT-1E), and MT-2A 
(Table 1). Seventy-two hours after treatment with 
siRNA directed against p66Shc or GFP, RPE cells were 
exposed to 0.75 mM H 2 0 2 for 24 h, RNA was isolated, 
and quantitative real-time RT-PCR was performed. 
Measurement of p66Shc mRNA levels confirmed that 
compared to GFP siRNA-treated RPE cells, p66Shc 
siRNA-treated cells had significantly less p66Shc 
mRNA (Fig. 4A). This reduction in p66Shc mRNA was 
associated with significant increases in mRNA for four 
antioxidant enzymes, GPx3, MT-1E, MT-2A, and GST- 
PI (Fig. 4B-E). There was no significant difference in 
levels of SOD1 or SOD2 mRNA, however, when RPE 
cells were exposed to 0.75 mM H 2 0 2 , there was a 
substantial increase in SOD1 and SOD2 mRNA in 
p66Shc siRNA-treated cells, but not GFP siRNA-treated 
RPE cells (Fig. 4F,G). Exposure to H 2 0 2 also increased 
GPx3 mRNA in p66Shc siRNA-treated cells relative to 
controls accentuating the difference between them. 
Conversely, exposure to H 2 0 2 increased MT-1E and 
MT-2A mRNA in control cells relative to p66Shc siRNA- 
treated cells abrogating the difference that was seen 
under basal conditions. The remainder of the genes 
listed above showed no differences in expression 
between p66Shc siRNA and GFP siRNA-treated RPE 
cells. Only catalase mRNA was reduced in both control 
and p66 She-deficient cells after H 2 0 2 exposure 
(Fig. 4H), which is consistent with a study in AML-2/ 
DX100 cells, in which exposure to H 2 0 2 caused down- 
regulation of catalase and upregulation of other anti- 
oxidant enzymes (Oh et al., 2004). With the exception of 
catalase, our data suggest that reduction of p66Shc 
results in upregulation of some antioxidant enzymes 
under basal conditions and others in the presence of 



oxidative stress. This could contribute to reduction of 
oxidative stress-induced ROS levels and apoptosis seen 
in p66Shc siRNA-treated cells. 

Knockdown of p66Shc in RPE cells increases 
basal and oxidative stress-induced NF-kB 
transcriptional activity 

Several antioxidant enzymes are upregulated by NF- 
kB, a transcription factor that is activated by oxidative 
stress. We used an NF-KB-dependent luciferase reporter 
construct containing three NF-kB binding sites to 
investigate the effect of p66Shc on NF-kB activity. 
RPE cells were co-transfected with the NF-kB reporter 
construct and either p66Shc or GFP siRNA and after 
72 h they were incubated with 0,8 mM H 2 0 2 for 5 h. 
Western blots confirmed a significant reduction in 
p66Shc levels after co-transfection of the NF-kB repor- 
ter construct and p66Shc siRNA, similar to that seen 
with p66Shc siRNA alone, indicating that the siRNA 
knockdown efficiency had not been compromised by 
co-transfection with the NF-kB reporter construct 
(Fig. 5A). RPE cells demonstrated a high basal level of 
NF-kB activity that was not significantly changed by 
incubation with H 2 0 2 (Fig. 5B). Compared to controls, 
RPE cells with reduced levels of p66Shc showed a 
significant increase in basal and H 2 0 2 -stimulated NF- 
kB activity. 

Activation of ERK by oxidative-stress mediates 
the increase in NF-kB activity in 
p66Shc-dencient RPE cells 

Various kinases such as Src, PI-3K and kinases in the 
MAPK pathway have been implicated in regulation of 
some responses to oxidative stress in some cells. We 
utilized inhibitors of several kinases to explore whether 
any were involved in the increase in NF-kB activity 
that occurs in p66Shc-deficient RPE cells. RPE cells 



Journal of Cellular Physiology DOT 10.1002/jcp 



1002 



WUETAL. 




G SO 02 H Cartas* 




D GFPsiRNA 
| p66Shc siRNA 



Fig. 4. Effect of downregulation p66Shc on mRNA levels of genes involved in defense against oxidative 
stress. Seventy- two hours after lipofection with p66Shc or GFP siRNA, RPE cells were placed in serum- 
free medium and exposed to 0.75 mM H 2 0 2 for 24 h. Total RNA was isolated and cDNA was prepared. 
Quantitative real-time PCR was performed as described in Methods Section. The bars represent the mean 
(±SD) calculated for six experimental values. 
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Fig. 5. NF-kB activity is modulated by p66Shc levels. A: Seventy -two 
hours after co- trans feet ion ot NF-kB-Luc and p66Shc or GFP siRNA, 
cells were placed in serum-free medium for 24 h and then incubated in 
0.8 mM H 2 0 2 for 5 h. The entire cell lysate from each well was run in 
immunoblots using antibodies directed against She and total Akt. 
Cells co-transfected with NF-kB-Luc and p66Shc showed efficient 
knockdown of p66Shc similar to that seen in cells treated with only 



p66Shc siRNA in Figure 1. B: Seventy- two hours after co-transfection 
q{ NF-kB-Luc and p66Shc or GFP siRNA, cells were placed in serum- 
free medium for 24 h and then incubated in 1 mM H 2 0 2 for 5 h. Cells 
ly sates were assayed using the Dual-luciferase reporter system. Bars 
represent the mean (±SD) calculated from three experimental values. 
*P < 0.05 by unpaired *-test for difference from GFP siRNA-treated 
cells. 
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were co-transfected with the NF-kB reporter construct 
and either p66Shc or GFP siRNA. Seventy-two hours 
after co-transfection, RPE cells were treated with an 
inhibitor of ERK (PD98059), PI-3K (LY294002), p38 
MAPK, or Src (PP2) and then incubated with 0.8 mM 
H2O2 for 5 h. The increase in NF-kB activity induced by 
oxidative stress was unaffected by inhibitors of p38 
MAPK, PI-3K, or Src, but was significantly reduced by 
the inhibitor of ERK (Fig. 6A). Western blots using an 
antibody that specifically recognizes phosphorylated 
ERK1/2 showed that the basal level of ERK1/2 phos- 
phorylation in RPE cells (Fig. 6B, lane 6) was not altered 
by knockdown of p66Shc in the absence of oxidative 
stress (lane 5), but in its presence, phosphorylation was 
increased (lane 2). This increase was not seen in control 
RPE cells exposed to oxidative stress (lane 3). The ERK 
inhibitor reduced phosphorylated ERK1/2 to very low 
levels in p66Shc-deficient cells in the presence (lane 1) or 
absence (lane 4) of H 2 0 2 . These data indicate that 
knockdown of p66Shc results in activation of MAP 
kinase signaling in the presence of oxidative stress, and 
the activation is effectively blocked by the MAP kinase 
inhibitor. The MAP kinase inhibitor also eliminated the 
oxidative stress-induced increase in NF-kB activity seen 
in p66Shc-deficient RPE cells exposed to oxidative stress 
(Fig. 6C), suggesting that MAP kinase signaling is 
involved. The basal increase in NF-kB activity that 
occurs from reduction of p66Shc in the absence of 
oxidative stress was not altered by the inhibitor 
suggesting that the basal increase is independent of 
the ERK pathway. 



Intraocular injection of p66Shc siRNA reduces 
paraquat-induced retinal damage 

We have previously demonstrated that efficient 
knockdown of proteins can be achieved in the retina 
by intraocular injection of siRNA (Shen et al., 2005a). 
We have also established and characterized a model 
of oxidative damage-induced retinal degeneration 
(Cingolani et al., 2006). Since the target sequence for 
the p66Shc is identical in humans and mice, we tested 
the effects of intraocular injection of p66Shc and GFP 
siRNA in this model. Compared to injection of GFP 
siRNA, injection of p66Shc siRNA resulted in significant 
preservation of ERG a- and b-wave amplitudes in eyes 
injected with paraquat (Fig. 7, Table 2). This indicates 
that knockdown of p66Shc in retinal cells preserves 
retinal function in the presence of oxidative stress. 

DISCUSSION 

Mice deficient in p66Shc have a longer life span than 
wild-type mice with the same genetic background and 
are less susceptible to the lethal effects of systemic 
administration of paraquat, a strong oxidizing agent 
(Migliaccio et al, 1999). This suggests that in one or 
more vital organs p66Shc mediates oxidative damage- 
induced cell death. In this study, we sought to determine 
if p66Shc also contributes to oxidative damage in 
the RPE and retina. The three isoforms of ShcA are 
abundantly expressed in RPE cells and using siRNA 
directed against p66Shc, the level of p66Shc was 
substantially reduced without affecting the other two 
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Fig. 6. ERK kinase is involved in the regulation of NF-kB activity by 
p66Shc. A: Seventy-two hours after co-transfection of NF-kB-Luc and 
p66Shc or GFP siRNA, cells were placed in serum-free medium for 
24 h and then treated for 30 min with an inhibitor of Src kinase (PP2), 
P 38 MAPK (p38 inhibitor), PI-3 kinase (LY294002), or ERK1/2 
(PD98059). The cells were then treated with 0.8 mM H 2 0 2 for 5 h 
and cells lysates were assayed using the Dual-luciferase reporter 
system. Bars represent the mean (±SD) calculated from three 
experimental values. Statistical comparisons were made by ANOVA 
with Bonferroni correction for multiple comparisons. B: Seventy-two 
hours after co-transfection of NF-kB- Luc and p66Shc or GFP siRNA, 
cells were placed in serum-free medium for 24 h. The cells were pre- 
treated with buffer or PD98059 (inhibitor of ERK1/2) for 30 min and 
then incubated in the presence or absence of 0.8 mM H 2 0 2 for 20 min. 



The entire cell lysate from each well was run in an immunoblot using 
an antibody that specifically recognizes phosphorylated ERK (p44/42). 
The blots were stripped and rehybridized with an antibody directed 
against total ERK to control for loading. Compared to control cells, 
cells deficient in p66Shc showed similar levels of phosphorylated ERK 
(p44/42) under basal conditions, but they were substantially reduced 
in the presence of oxidative stress. C: Seventy-two hours alter co- 
transfection of NF-kB-Luc and p66Shc or GFP siRNA, cells were 
placed in serum-free medium for 24 h and then treated for 30 min with 
buffer or PD98059. The cells then were treated with or without 
0.8 mM H 2 0 2 for 5 h and cells lysates were assayed using the Dual- 
luciferase reporter system. Bars represent the mean (±SD) calculated 
from three experimental values. Statistical comparisons were made by 
unpaired f-test. 
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Fig. 7. Knockdown of p66Shc protein preserves retinal function in a 
model of oxidative stress- induced retinal degeneration. Adult Balb/C 
mice were given a subretinal injection of 1 ul of 4% oligofectAMINE 
containing 1 pmol of p66Shc or GFP siRNA and after 3 days they 
received an intravitreous injection of 0.75 mM of paraquat in both 
eyes. Scotopic electroretinograms were performed 5 days after 



injections of paraquat. Plots of a-wave amplitudes (A) or b-wave 
amplitudes (B) versus flash intensity showed a significant increase in 
both a- and b-wave amplitudes in paraquat-injected eyes that had 
received pGGShc siRNA compared to those that had received GFP 
siRNA 



isoforms. RPE cells deficient in p66Shc were less 
susceptible to oxidative stress-induced apoptosis than 
appropriate control cells. Conversely, it has been shown 
that overexpression of p66Shc increases oxidative 
stress-induced apoptosis in T cells (Pacini et al., 2004). 
Thus, p66Shc may promote oxidative damage-induced 
death in several cell types. 

The ability to selectively reduce p66Shc without 
affecting p52Shc and p46Shc in cultured RPE cells 
demonstrated that p66Shc plays an important role in 
oxidative stress-induced death of these cells that are 
critical for retinal function, and also provided a system 
to investigate the mechanism of the effect. Other She 
proteins act as adapters for growth factor receptors and 
enhance cell growth and proliferation. Cycling cells are 
more susceptible to apoptosis and therefore it seems 
reasonable to hypothesize that p66Shc acts as an 
adapter switch that in the presence of oxidative stress 
diverts mitogenic signals to initiate apoptosis. If this 
were the sole mechanism by which p66Shc promotes cell 
death in the presence of oxidative stress, then the 
generation of ROS should be unaffected by the cellular 
level of p66Shc. We were surprised to find that this was 
not the case; p66Shc-deficient RPE cells showed sub- 
stantially lower ROS generation than appropriate 
control cells when challenged with H 2 0 2 . This is due, 
at least in part, to enhancement of levels of antioxidant 
enzymes in p66Shc-deficient RPE cells. The expression 
of some antioxidant enzymes is upregulated by NF-kB 
(Hayes and Pulford, 1995; Pahl, 1999) and therefore a 
reporter system was used to assess the effect of p66Shc 
levels on NF-kB activity in RPE cells. Cells deficient in 
p66Shc had increased basal and oxidative stress- 
induced NF-kB transcriptional activity. The increase 
in oxidative stress-induced NF-kB activity, but not the 



basal activity, was mediated by activation of ERK. These 
in vitro findings are relevant to the situation in vivo, 
because compared to eyes injected with GFP siRNA, 
those injected with p66Shc siRNA showed less loss of 
retinal function as assessed by ERG from paraquat- 
induced oxidative stress. 

These data indicate that p66Shc is a critical permis- 
sive factor for oxidative damage in the retina. One way 
that p66Shc enhances the damaging effects of oxidative 
stress is through downregulation of NF-kB. It is well 
established that NF-kB is upregulated during inflam- 
mation and stimulates expression of many inflamma- 
tory cytokines (Tak and Firestein, 2001; Karin et al., 
2002; Karin and Greten, 2005). Evidence for a potential 
role of NF-kB in the antioxidant defense system is just 
emerging (Storz and Toker, 2003; Kratsovnik et al., 
2005). NF-kB is sensitive to the cellular redox state 
(Kabe et al., 2005) and its activation increases expres- 
sion of several components of the antioxidant defense 
system in RPE cells. This is consistent with recent 
demonstrations that NF-kB mediates induction of SOD2 
by TNF (Guo et al., 2003), upregulates SOD1 in PC12 
cells in response to activation of the PI3K/Akt pathway 
(Rojo et al., 2004), and increases expression of GPx in 
H 2 0 2 -exposed skeletal muscle cells (Zhou et al. , 200 1). It 
was recently demonstrated that p66Shc acts as a 
downstream effector of the tumor suppressor p53 and 
is critical in p5 3 -dependent apoptosis (Trinei et al., 2002; 
Pellegrini et al., 2005). This may also provide a link with 
NF-kB, because there is reciprocal inhibition between 
NF-kB and p53 (Culmsee et al., 2003; Gurova et al., 
2005). 

The manner in which NF-kB levels are regulated 
during inflammation is well understood (Tak and 
Firestein, 2001). The activity of NF-kB is controlled by 



TABLE 2. Deficiency of p66Shc preserves retinal function in the setting of paraquat-induced oxidative stress 

Flash intensity (log (cd-sec/m 2 )) n Treatment a -wave (uV) .P-value b-wave (jiV) P-value 



(la) -2.6 


13 


GFP siRNA 


-15.58 ±2.40 


0.6980 


128.74 ±15.75 


0.0441 


(2a) -2.6 


15 


p66Shc siRNA 


-16.76 ±1.89 




174.03 ±14.51 




(lb) -0.6 


13 


GFP siRNA 


-95.31 ± 10.32 


0.0190 


172.42 ±19.84 


0.0116 


(2b) -0.6 


15 


p66Shc siRNA 


-133.06 ±10.83 




288.56 ±35.86 




(lc) 1.4 


13 


GFP siRNA 


-138.16±20.25 


0.0289 


253.42 ± 35.30 


0.0098 


(2c) 1.4 


15 


p66Skc siRNA 


-195.47 ±15.00 




440.72 ±54.57 





Statistical comparisons were made by two-tailed t-test. 
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IkB, which when bound to NF-kB prevents its transloca- 
tion to the nucleus. Phosphorylation of IkB by IkB 
kinase (IKK) promotes ubiquitination and proteasomal 
degradation of IkB, allowing NF-kB to translocate to 
the nucleus and stimulate transcription of responsive 
genes. IKK is phosphorylated and activated by several 
serine/threonine kinases, including MEKK1 (mitogen- 
activated protein kinase kinase 1), NIK (NF-KB-indu- 
cing kinase), and NAK (NF-kB -activating kinase). The 
regulation of NF-kB during oxidative stress is less clear. 
Exposure of HeLa cells to H 2 0 2 leads to activation of Src 
and c-Abl kinases, which then converge on the IKK 
complex, resulting in NF-kB activation (Storz et al., 
2004a,b). Oxidative stress activates MAPKs such as 
ERK, JNK, and p38 MAPK (Wang et al., 1998). In 
p66Shc-deficient RPE cells, exposure to H 2 0 2 -increased 
phosphorylation of ERK1/2 and an inhibitor of ERKs 
blocked H 2 0 2 -induced NF-kB activation, but inhibitors 
of Src kinase or p38 MAPK had no effect. This obser- 
vation is consistent with findings in other cell systems 
suggesting that NF-kB is activated by ERK in the 
presence of oxidative stress (Bai et al., 2004; Je et al., 
2004; Lee et al., 2004c). Knockdown of p66Shc also 
results in activation of NF-kB activation in the absence 
of exogenous oxidative stress, but this is not mediated 
by ERK, because unchallenged RPE cells deficient 
in p66Shc show no difference in ERK activity. The 
mechanism by which p66Shc regulates NF-kB activity 
in RPE cells in the absence of exogenous oxidative stress 
deserves further study. 

This study has important clinical implications. It 
suggests that reduction of p66Shc levels in the retina 
and RPE may provide benefit in diseases in which 
oxidative damage occurs, including AMD and RP. An 
siRNA directed against VEGF receptor 1 has been 
shown to inhibit choroidal neovascularization in mouse 
models (Shen et al., 2005a) and a phase I clinical trial 
investigating its effects in patients with advanced 
choroidal neovascularization is underway. If siRNA- 
based treatments are shown to provide benefit for other 
indications in the eye, then targeting p66Shc in retinal 
degenerations should be explored. In addition, further 
work is needed to explore the effects of NF-kB activation 
in models of retinal degeneration, because this could 
provide a complementary approach to treatment. 
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p66 Shc , an isoform of She adaptor proteins, is shown to 
mediate various signals, including cellular stress. How- 
ever, little is known about its involvement in carcino- 
genesis. We previously showed that p66 Shc protein level is 
upregulated by steroid hormones in human carcinoma cells 
and is higher in prostate cancer (PCa) specimens than adja- 
cent noncancerous cells. In this study, we investigated the 
role of p66 Shc protein in PCa cell proliferation. Among 
different PCa cell lines tested, p66 Shc protein level showed 
positive correlation with cell proliferation, that is, rapid- 
growing cells expressed higher p66 Shc protein than slow- 
growing cells. Exposure of slow-growing LNCaP C-33 
cells to epidermal growth factor (EGF) and 5a-dihydro- 
testosterone (DHT) led to upregulation of proliferation 
and p66 Shc protein level. Conversely, growth suppression of 
fast-growing cells by cellular form of prostatic acid 
phosphatase (cPAcP) expression, a negative growth 
regulator, downregulated their p66 Shc protein level. 
Additionally, increased expression of p66 Shc protein by 
cDNA transfection in LNCaP C-33 cells resulted in 
increased cell proliferation. Cell cycle analyses showed 
higher percentage of p66 Shc -overexpressing cells at S phase 
(24%) than control cells (17%), correlating with their 
growth rates. On the other hand, transient knock-down of 
p66 Shc expression by RNAi in rapidly growing cells 
decreased their proliferation as evidenced by the reduced 
cell growth as well as S phase in p66 Shc -knocked down cells. 
The p66 Shc signaling in cell growth regulation is apparently 
mediated by extracellular signal-regulated kinase/mitogen- 
activated protein kinase (ERK/MAPK). Thus, our results 
indicate a novel role for p66 Sbc in prostate carcinogenesis, in 
part, promoting cell proliferation. 
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Introduction 

She (Src homolog and collagen homolog) proteins are 
adaptor molecules that contain SH2 and PTB domains 
(Ravichandran, 2001). They exist in three different 
isoforms with molecular masses of 46, 52 and 66kDa. 
She proteins are conventionally known to transduce 
the mitogenic signals from receptor tyrosine kinases 
to downstream targets, such as, extracellular signal- 
regulated kinases/mitogen-activated protein kinases 
(ERK/MAPK) (Ravichandran, 2001). All the isoforms 
contain three functional domains - an SH2 domain, a 
PTB domain and a CHI domain with three conserved 
tyrosine residues that are phosphorylated with respect to 
various signals (Ravichandran, 2001). Additionally, 
p66 Shc has a unique CH2 domain at the N-terminus 
of the protein, which contains a serine residue that 
could be phosphorylated under stress signals (Migliaccio 
et al., 1999). 

Different members of the She proteins exhibit distinct 
expression patterns and biological functions. For 
example, p52 Shc and p46 Shc are expressed in most of the 
cells, while p66 Shc protein is expressed predominantly in 
epithelial cells (Migliaccio et ai, 1997). Both p52 Shc and 
p66 Shc are distributed throughout the cytosol, whereas 
p46 Shc localizes to mitochondria (Ventura et aL, 2004). 
Nevertheless, recent studies indicate that in response to 
stress signals, such as, H 2 0 2 treatment, a fraction of 
cytosolic p66 Shc is translocated to mitochondria, where it 
is associated with heat-shock protein to mediate 
apoptotic response (Orsini et al., 2004). Despite that 
p66 Shc , like p52 Shc /p46 Shc , is phosphorylated at its 
tyrosine residues during epidermal growth factor 
(EGF) treatment and forms complexes with Grb-2, 
there are certain functional differences between p66 Shc 
and the other two She members. First, p66 Shc , unlike 
p52 Shc , could not transform NIH3T3 mouse fibro- 
blast cells in vitro (Migliaccio el aL, 1997). Second, 



p66 Shc protein in human prostate cancer cell proliferation 

S Veeramani et al 



7204 



overexpression of p66 Shc protein in cell lines, such as, 
HeLa, CHO and COS-1 cells, does not increase EGF- 
induced ERK/MAPK activation (Migliaccio et al, 
1997; Okada et al, 1997). Third, p66 Shc is phosphory- 
lated at Ser 36 in its CH2 domain under various stress 
signals such as H 2 0 2 , UV radiation and exposure to 
chemicals, such as, Taxol, and thus could serve as an 
apoptotic sensitizer to stress signals (Migliaccio et al, 
1999; Yang and Horwitz, 2000). Finally, p66 Shc acts as a 
negative regulator of human and mouse T-cell survival 
and proliferation (Pacini et al, 2004) and has been 
implicated in the control of lifespan in mammals 
(Migliaccio et al, 1999). Thus, data from the above 
studies clearly indicate p66 Shc as a transducer of signals 
in response to cellular stress. However, its role in human 
carcinogenesis is not understood. 

In human carcinoma cells, p66 Shc may be involved in 
regulating their proliferation. Among ErbB-2-positive 
ovarian cancer cell lines, a positive correlation between 
p66 Shc and ErbB-2 is observed (Xie and Hung, 1996). In 
breast cancer cell lines, elevated expression of p66 shc 
protein is observed in those with highly metastatic 
ability and similar phenomenon is seen in lymph node- 
positive breast tumors (Jackson et al, 2000). However, 
another study shows that p66 Shc protein level inversely 
correlates with the expression of ErbB-2, a prognostic 
marker for breast cancer cell lines (Xie and Hung, 1996). 
Additionally, studies on archival breast cancer speci- 
mens have showed that the expression of p66 Shc protein 
inversely correlates with the relapse of breast cancer 
(Davol et al., 2003).' Hence, the role of p66 Shc in 
carcinogenesis requires further investigations. 

We previously showed that sex steroid hormones 
including estrogens and androgens upregulate p66 Shc 
protein level in human carcinoma cell lines (Lee et al., 
2004a). These data suggest the role of p66 Shc protein in 
sex hormone-regulated cancer cell proliferation. 
Furthermore, p66 Shc level is significantly elevated in 
cancerous cells compared to the neighboring noncancer- 
ous cells in clinical archival prostate cancer (PCa) 
specimens (Lee et al., 2004a). Therefore, p66 Shc might 
play a role in the development and/or progression of 
PCa. Hence, in this study, we explored the role of p66 Shc 
in the regulation of PCa cell proliferation that could 
lead to cancer progression. 



Results 

Expression of p66 shc protein in different human 
PCa cell lines 

Based on our previous observations on archival PCa 
specimens that p66 Shc protein level is elevated in 
cancerous cells, we analysed the expression profile of 
p66 Shc in different PCa cell lines, which exhibit different 
growth rates. As shown in Figure 1, Western blot 
analyses with an anti-She antibody (Ab) recognizing all 
three isoforms of She protein showed that rapid- 
growing PC-3, DU 145 and TSU-Prl PCa cells 
expressed higher levels of p66 Shc protein as compared 
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Ratio o.1 1.0 3.9 7.2 13 
(p66 Shc /p-actin) 

Doubling time (hrs) 61-73 3 60 b 33 c 36 d 34 B 

Figure 1 Expression of p66 Shc protein in different PCa cells. 
LNCaP C-33, PC-3, TSU-Prl and DU 145 cells were plated in a 
medium supplemented with 5% fetal bovine serum (FBS), while 
MDA PCa2b cells were plated in a medium containing 20% FBS 
for the experiments. An aliquot of total cell lysates from MDA 
PCa2b (MDA), LNCaP C-33 (LN), PC-3 (PC), TSU-Prl (TSU), 
and DU145 (DU) cells was electrophoresed, transferred to 
nitrocellulose membranes, and incubated with Abs against She, 
p66 Shc and cPAcP proteins, respectively. The level of /?-actin protein 
was detected as an internal loading control. The intensity of 
hybridization band was semiquantified using a densitometer. The 
relative level of p66 Shc protein to the corresponding /f-actin protein 
was calculated and then normalized to that of LNCaP C-33 cells. 
The ratio was shown at the bottom of the figure. Similar results 
were observed in three sets of independent experiments. The 
doubling time of each cell line has been given as a measure of their 
growth rates ("Navone et al., 1997; b Horoszewicz et al., 1983; 
c Kaighn et al, 1979; d Iizumi et al y 1987; e Stone et al, 1978) 



to slow-growing MDA PCa2b and LNCaP C-33 cells. 
The low level of p66 Shc protein in MDA PCa2b cells was 
detected only after prolonged exposure (data not 
shown). The protein levels of p52 Shc and p46 Shc were 
similar in all the cell lines examined. The phenomenon 
that rapidly growing cells express high level of p66 Shc 
protein was also observed with another Ab that 
specifically reacts with p66 Shc protein alone (Figure 1). 
p66 shc protein levels in the rapid-growing cells were 
approximately 4-13-fold higher than that in slow- 
growing LNCaP C-33 cells and over 10-fold higher 
than in MDA PCa2b cells. Interestingly, among those 
PCa cells, the p66 Shc protein level inversely correlated 
with the expression level of cellular form of prostatic 
acid phosphatase (cPAcP) (Figure 1), the major protein 
tyrosine phosphatase and a negative growth regulator in 
prostatic epithelia (Lin et al, 1998, 2001). 

To examine further the correlation of p66 Shc protein 
expression with cell growth, we analysed p66 Shc protein 
level in different passages of LNCaP cells, utilizing Ab 
recognizing all the three isoforms of She protein. As 
reported earlier (Lin et al, 1998; Igawa et al, 2002), the 
growth ratio of C-81 cells was approximately three times 
higher than that of C-33 cells, while C-51 cells exhibit a 
growth rate faster than C-33 cells but slower than C-81 
cells (Figure 2a). Western blot analyses revealed that 
p66 Shc protein expression was higher in C-81 cells than in 
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Figure 2 The growth rate and the expression of p66 Shc protein in 
different passages of LNCaP and MDA PCa2b cells, (a) Different 
LNCaP cells were seeded and maintained as described in Materials 
and methods. The total cell number was counted on day 2, 4 and 6. 
Similar results were observed in three sets of independent 
experiments performed in duplicates (mean + s.d.). Western blot 
analyses of She, cPAcP and 0-actin proteins in LNCaP C-33, C-51 
and C-81 cells were performed by incubating with the correspond- 
ing Abs (inner panel), (b) Different MDA PCa2b cells were seeded 
and maintained as described in Materials and methods. The total 
cell number was counted on day 3, 5 and 7. Similar results were 
observed in two sets of independent experiments done in duplicates 
(mean + s.d.). Immunoblot analyses of She, cPAcP and /J-actin 
proteins in both low (MDA p40) and high (MDA p60) passage 
MDA PCa2b cells were performed by incubating with the 
corresponding Abs (inner panel) 



C-51 and C-33 cells, whereas p52 Shc protein level was 
approximately similar in all cells (Figure 2a, inner 
panel). Since She family members are tyrosine 
phosphorylated in mediating the growth signals 
from tyrosine phosphorylated receptor tyrosine kinases 
(Ravichandran, 2001; Lee et al, 2004b), we analysed the 
tyrosine phosphorylation level of p66 Shc protein by 
Western blotting, following immunoprecipitation with 
anti-She antibody, in different LNCaP cells. Unexpect- 
edly, we could not detect any tyrosine phosphorylation 
of p66 Shc protein in different passages of LNCaP cells by 
the enhanced chemiluminescence (ECL) method (data 
not shown, Lee et ai, 2004b). Similar negative results 
were obtained by using the antibody against pY239 or 
pY317 of p52 Shc that could also react with the 
corresponding sites in p66 Shc protein with the total cell 



lysate proteins (Lee et al, 2004b). Nevertheless, cPAcP 
was highly expressed in C-33 cells, while it was only 
barely detected in C-81 cells, thus, inversely correlating 
with their relative p66 Shc protein levels (Figure 2a, inner 
panel). Similarly, MDA PCa2b cells of passage number 
60 (MDA p60) grew faster than those of passage 
number 40 (MDA p40) (Figure 2b). Concurrently, 
MDA p60 cells expressed a higher level of p66 Shc protein 
than MDA p40 cells (Figure 2b, inner panel). The low 
level of p66 Shc protein in MDA p40 cells could be 
detected only after prolonged exposure (data not 
shown). Furthermore, the elevated level of p66 Shc protein 
in MDA p60 cells corresponded to the decreased cPAcP 
protein (Figure 2b, inner panel). Thus, the data 
collectively indicate that the expression level of p66 Shc 
protein correlates, positively with PCa cell proliferation 
rate and, inversely with cPAcP expression. 

Effects of growth manipulation on p66 shc protein level 
in different PCa cells 

Since p66 Shc protein level positively correlates with the 
PCa cell growth, we analysed whether manipulation of 
PCa cell growth would alter the expression level of 
p66 Shc protein. We used EGF and 5a-dihydrotestoster- 
one (DHT), which could upregulate the proliferation of 
LNCaP C-33 cells and downregulate the cPAcP (Lin 
et ai, 1992, 1998; Meng and Lin, 1998; Lee et ai, 
2004b), and examined their effects on the protein levels 
of p66 shc in those cells. As shown in Figure 3a, p66 Shc 
protein level was upregulated in LNCaP C-33 cells 
treated for 24 h with lOng/ml EGF or 10 nM DHT, 
approximately 2.5-3-fold higher than that in the 
corresponding control cells. 

Owing to the inhibitory effect of cPAcP on PCa cell 
proliferation (Lin et ai, 1998, 2001), we examined 
whether increased proliferation by inhibiting cPAcP 
activity would lead to the elevation of p66 Shc protein in 
those cells. LNCaP C-33 cells that express endogenous 
cPAcP were exposed to different concentrations of 
L( + )-tartrate, a classical inhibitor of PAcP (Lin et al, 
1992; Meng and Lin, 1998). In the presence of 2.5 mM 
L( 4- )-tartrate, the expression level of p66 Shc protein was 
elevated by approximately 2.5-fold (Figure 3b), corre- 
sponding to the decrease in cPAcP activity (data not 
shown). 5mM L( + )-tartrate had the similar effect as 
2.5 mM concentration. Furthermore, the increase of 
p66 Shc in L( 4- )-tartrate-treated cells correlated with 
increased ERK/MAPK activation (Figure 3b) and cell 
proliferation (data not shown). It should be noted that 
L( + )-tartrate had no effect on the levels of p52 Shc and 
p46 Shc proteins. Thus, elevated p66 Shc protein level 
correlates with ERK/MAPK activation as well as cell 
proliferation in cPAcP-inhibited PCa cells. 

As an additional approach, we examined the p66 Shc 
protein expression in PAcP cDNA-transfected stable 
subclones of LNCaP C-81 cells that have reduced 
proliferation rates (Lin et aL, 1998, 2001; Meng and 
Lin, 1998). Western blot analyses showed that LN-23 
and LN-40 subclone cells, which express exogenous 
cPAcP, had lower levels of p66 Shc protein when 
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Figure 3 Effects of EGF, DHT and L( + )-tartrate on p66 Shc 
protein expression in LNCaP C-33 cells, (a) LNCaP C-33 cells were 
preincubated in a steroid-reduced medium for 48 h and then treated 
with EGF (lOng/ml) or DHT (10 nM) for 24 h. Control cells 
received the solvent alone. Total cell lysates were used for Western 
blot analyses of She protein level. The level of 0-actin protein was 
detected as a loading control. Similar results were obtained from 
three sets of independent experiments, (b) LNCaP C-33 cells were 
treated with 0, 1, 2.5 and 5 mM of l( + )-tartrate for 16 h. Total cell 
lysates were used for analysing the protein levels of She and ERK/ 
MAPK as well as the phosphorylation level of ERK/MAPK. 
Similar results were obtained from two sets of independent 
experiments 



compared to C-81 parental (Figure 4a). Similarly, PAcP 
cDNA-transfected PC-3 stable subclone cells that had 
slower growth rates compared to their parental cells 
(Lin et al., 1998; Meng and Lin, 1998) also expressed 
lower levels of p66 Shc protein than their parental cells 
(Figure 4b). Taken together, the results indicated that 
manipulation of PCa cell growth leads to a correspond- 
ing change in p66 Shc expression level. 

Effect of p66 shc protein expression on the growth 
of PCa cells 

We determined the effect of p66 Shc protein on the growth 
rate of PCa cells. Initially, LNCaP C-33 cells were 
transiently transfected with a cDNA encoding the wild- 
type p66 Shc protein and cell growth was analysed. 
Results indicated that transient elevation of p66 Shc 
protein in LNCaP C-33 cells resulted in a reduction in 
the doubling time by approximately 26%, indicating an 
increased cell proliferation, which correlated with the 
increased activation of ERK/MAPK (data not shown). 
We subsequently established stable subclones of LNCaP 
C-33 cells, that is, S-32 and S-36 cells, which stably 
express the exogenous p66 Shc protein. For experimental 
control, the vector alone-transfected stable subclone 
cells, that is, V-l cells were established as well. Despite 
that different passages of LNCaP cells exhibit morpho- 
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Figure 4 Expression of p66 Shc protein in the PAcP cDNA- 
transfected LNCaP C-81 and PC-3 stable subclone cells, (a) The 
protein levels of She and cPAcP in LNCaP C-33 and C-81 cells as 
well as LN-23 and LN-40 cells were analyzed by Western blot 
analyses. The level of /f-actin protein was analysed as a loading 
control, (b) Western blot analyses of She, cPAcP and 0-actin 
proteins in PC-3, PC-411 and PC-416 cells. Similar results were 
obtained from two sets of independent experiments 



logical changes, we did not observe any noticeable 
morphological difference between the subclone cells 
overexpressing p66 Shc and V-l and LNCaP C-33 cells 
(data not shown). As shown in Figure 5a (left panel), in 
S-32 and S-36 subclone cells, elevated levels of p66 Shc 
protein correlated with the activation of ERK/MAPK, 
indicated by increased levels of phosphorylation. The 
cell growth was initially evaluated by analysing the 
doubling time of those cells. Results showed that 
elevated p66 Shc protein levels correlated with rapid cell 
growth with a reduction in the doubling time of p66 Shc - 
overexpressing stable subclones, that is, approximately 
30 h for S-36 cells and 33 h for S-32 cells compared to 
the control cells, that is, 45 h for V-l and C-33 parental 
cells (Figure 5a, right panel). We subsequently analysed 
the cell cycle distribution of those cells with flow 
cytometry. The S-32 and S-36 cells exhibited higher 
proliferation rates than the parental C-33 and V-l cells, 
as indicated by the percentage of cell population in the 
S phase of cell cycle, that is, 17, 17.6, 22.3 and 24.1% for 
LNCaP C-33, V-l, S-32 and S-36 cells, respectively 
(Figure 5b). The data collectively suggest that elevated 
p66 Shc protein in PCa cells, possibly through the 
activation of ERK/MAPK, plays a role in promoting 
their proliferation resulting in an increased percentage 
of cells in the S phase of the cell cycle. 

To further confirm the role of p66 Shc in PCa cell 
growth regulation, we determined whether downregu- 
lation of p66 Shc protein, using a plasmid-based RNAi 
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Figure 5 p66 She protein expression, phosphorylation of ERK/MAPK, and the growth of stable subclones of p66 Shc cDNA-transfected 
LNCaP C-33 cells, (a) Western blot analyses of She (left panel) and cell growth (right panel) in LNCaP C-33, vector alone-transfected 
(V-l), and two stable subclones of p66 Shc cDNA-transfected LNCaP C-33 cells (S-32 and S-36). Aliquots of the same set of whole-cell 
lysates were immu no blotted with an anti-phospho-ERK/MAPK. Ab and, after stripping, followed by an anti-ERK/MAPK Ab. The 
cell growth data are the representative of two sets of independent experiments in duplicates (b) Histograms of cell cycle distributions of 
S-32 and S-36 cells by flow cytometric analyses. LNCaP C-33 parental and V-l cells were used as controls. Similar results were 
obtained from two sets of independent experiments 



approach, would lead to a decrease in their growth rate. 
We transfected LNCaP C-81 and PC-3 cells with pSUP- 
p66 to knock down their p66 Shc expression. In order to 
normalize the differences in the transfection efficiency of 
those cells, we cotransfected with pTRACER-CMV 
along with pSUP-p66. As shown in Figure 6a (left 
panel), transient knock-down of p66 Shc in C-81 cells 



correlated with the decrease in activation of ERK/ 
MAPK, indicated by decreased levels of phosphoryla- 
tion. Transient knock-down of p66 Shc protein by about 
40% in rapid-growing LNCaP C-81 cells using pSUP- 
p66 resulted in an approximately 30% decrease in cell 
proliferation (Figure 6a, right panel). Cell cycle dis- 
tribution of p66 Shc -knocked-down C-81 cells indicated 
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that they exhibited approximately 30% decrease in their 
proliferation rates than the vector-alone transfected 
cells, as indicated by the decrease in the percentage of 
cell population in the S phase of cell cycle, that is, 14.8% 
for p66 Shc -knocked-down cells vs 22.6% for vector- 
alone-transfected cells (Figure 6b). Similarly, in PC-3 
cells, an approximately 45% knock-down of p66 Shc 
protein by RNAi led to the decrease in ERK/MAPK 
activation, as indicated by its decreased phosphorylation 
(Figure 6c, left panel) that correlated with approxi- 
mately 35% reduction in their proliferation rate as 
determined by the cell counting (Figure 6c, right panel). 



Cell cycle analysis of those p66 Shc -knocked-down PC-3 
cells showed that there was a decrease in S phase from 
18.3% in vector-alone-transfected cells to 13.6% for 
p66 Shc -knocked-down cells (Figure 6d). Thus, the data 
collectively indicate that p66 shc protein plays a critical 
role in regulating the proliferation of PCa cells. 



Discussion 

She proteins play a critical role in regulating PCa cell pro- 
liferation, in part by mediating tyrosine phosphorylation 
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Figure 6 Effect of knock-down of p66 Shc expression by siRNA on PCa cell growth, (a) Western blot and cell growth analyses of 
p66 Shc -knocked-down LNCaP C-81 cells. LNCaP C-81 cells were plated at a density of 1 x 10 5 cells/well of a six-well plate for 48 h. The 
cells were transiently transfected with pSUP-p66. Control cells were transfected with pSUPER vector alone (Vec). After 3 days 
following transfection, cells were harvested by trypsinization and counted in a Coulter cell counter (right panel). Cell lysates were 
analysed for p66 Shc protein level and ERK1/2 phosphorylation. To normalize the transfection efficiency, cells were cotransfected with 
pTRACER-CMV, a plasmid expressing green fluorescent protein (GFP). The figure is a representative of three sets of independent 
experiments in duplicates, (b) Cell cycle analysis of pee^-knocked-down LNCaP C-81 cells. 7.5 x 10 5 LNCaP C-81 cells were plated in 
regular medium on 100 mm dishes and transfected with pSUP-p66. Control cells were transfected with vector alone (Vec). After 3 days, 
cells were trypsinized, fixed with 70% ethanol and stained with propidium iodide. Cells were analysed with a flow cytometer for the 
distribution of cell cycle. Cells were cotransfected with pTRACER-CMV for estimating the transfection efficiency. The figure is a 
representative of three sets of independent experiments, (c) Western blot and cell growth analyses of pee^-knocked-down PC-3 cells. 
PC-3 cells were transfected with pSUP-p66, as described for LNCaP C-81 cells. Cell growth was analysed 3 days post-transfection. To 
normalize the transfection efficiency, cells were cotransfected with pTRACER-CMV. The figure is a representative of two sets of 
independent experiments performed in duplicates, (d) Cell cycle analysis of p66 Shc -k nocked -down PC-3 cells. 7.5 x 10 3 PC-3 cells were 
plated in regular medium on 100 mm dishes and transfected with pSUP-p66. Control cells were transfected with vector alone. To 
normalize the transfection efficiency, cells were cotransfected with pTRACER-CMV. After 3 days, cells were trypsinized, fixed with 
70% ethanol and stained with propidium iodide. Cells were analysed with a flow cytometer for the distribution of cell cycle. The figure 
is a representative of two sets of independent experiments 
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Figure 6 Continued 



signals. For example, treatment of LNCaP C-33 cells 
with androgens leads to increased phosphorylation 
of p52 Shc at Y317 residue, which is required for DHT- 
induced proliferation, but not that of EGF (Lee 
et ai, 2004b). Apart from p52 Shc , the role of other She 
members in the proliferation of PCa cells remains 
an enigma. Interestingly, androgen stimulation of PCa 
cells is accompanied with the upregulation of p66 Shc 
protein levels, but not its tyrosine phosphorylation levels 
(Lee et aL, 2004a, b; Figure 3a). Furthermore, 
p66 Shc protein level is significantly elevated in archival 
human PCa specimens, higher in the cancerous cells 
compared to the adjacent noncancerous cells (Lee 
et aL, 2004a). Hence, we hypothesize that p66 Shc protein 
is also involved directly in the regulation of PCa cell 
proliferation. 

Our data in different PCa cell lines clearly show that 
p66 Shc protein level, but not p52 Shc or p46 Shc protein 
levels, consistently correlates with cell proliferation 
(Figures 1-4). Additionally, elevated expression of p66 Shc 
protein by cDNA transaction in LNCaP C-33 cells 
correlates with increased cell proliferation (Figure 5). 
Conversely, knock-down of p66 shc protein level by its 
siRNA leads to decreased cell growth (Figure 6). Our 



cell line data corroborate our observations on the 
archival PCa tissue specimens that p66 Shc expression is 
lower in benign glandular cells, whereas in adjacent 
adenocarcinomatous cells, the expression of p66 Shc is 
higher (Lee et al., 2004a). Thus, we further propose that 
normal differentiated prostate epithelial cells, which 
have a slow growth rate, would express a low level of 
p66 Shc protein, whereas its elevated expression might 
contribute to prostate carcinogenesis. It should also be 
noted that the protein levels of other She isoforms, that 
is, p46 shc and p52 Shc , do not consistently correlate with 
the PCa cell growth. Hence, we propose that p66 Shc 
protein level, but not p46 Shc or p52 Shc protein level, is 
directly involved in the regulation of cell growth. 
Nevertheless, a similar growth rate of the stable 
subclone cells that overexpress p66 Shc might be due to 
that the growth stimulation by high levels of p66 Shc 
reached the plateau (Figure 5a, right panel). This is 
comparable to the rapid-growing PCa cells, such as 
PC-3, TSU-Prl and DU 145 cells, which express 
increasingly higher levels of p66 Shc protein, but still have 
a similar doubling time (Figure 1). Collectively, the data 
support our hypothesis that elevated p66 Shc protein in 
prostate carcinomas plays a critical role in upregulating 
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the proliferation of those cancer cells and, thus, 
contributes to the tumorigenicity of human PCa. 

Similarly, elevation of p66 Shc protein is observed in 
breast cancer specimens, where p66 Shc protein is elevated 
in the lymph node-positive breast carcinomas (Jackson 
et al, 2000). Nevertheless, other studies show that the 
level of p66 Shc protein in relapsed breast cancers is 
decreased, significantly lower than that in primary, 
nonrelapsed tumors (Davol et al, 2003). The data 
collectively implicate that p66 Shc protein plays a role in 
the tumorigenicity of those breast cancer cells, although 
the correlative relationship requires further clarification. 
It should be noted that the level of p66 Shc protein in 
human carcinoma cells is altered by various treatments 
including steroids and growth factors (Figure 3 a; Lee 
et al, 2004a). Hence, it is possible that the inconsistency 
in the correlativity in breast cancer studies may partly be 
related to the different treatment regimens that those 
patients were in, prior to obtaining the specimens. As 
described, some of those relapsed tumors had been 
obtained from patients who were under adjuvant 
hormonal therapy (Davol et al., 2003). It is thus 
expected that those hormone-ablated specimens would 
have a decreased level of p66 Shc protein. In such case, a 
substantial number of cancer specimens that have low 
levels of p66 shc protein may tip the results of statistical 
analyses. Nevertheless, due to the small sample size in 
our study, we are unable to determine if the elevated 
p66 Shc protein level could serve as a surrogate marker for 
PCa progression. The clinical application of p66 Shc 
protein in PCa deserves further investigations. 

The molecular mechanism by which p66 Shc protein is 
involved in regulating cell proliferation deserves careful 
analyses. In PCa cells, p66 Shc protein level inversely 
correlates with cPAcP and positively correlates with 
ERK/MAPK activation. In p66 Shc cDNA-transfected 
stable subclone cells, ERK/MAPKs are activated, 
correlating with increased cell proliferation (Figure 5). 
Conversely, in p66 Shc -knocked-down LNCaP C-81 and 
PC-3 cells, ERK/MAPKs are inhibited that correlate 
with decreased cell proliferation (Figure 6). This p66 Shc - 
activated ERK/MAPK in p66 Shc cDNA-transfected 
LNCaP cells is consistent with the observations that in 
cPAcP-inhibited LNCaP C-33 cells by l( + )-tartrate, 
p66 Shc protein level is elevated and ERK/MAPK are 
activated (Figure 3b). We propose that the negative 
effect of cPAcP on p66 Shc protein level is not through a 
direct mechanism, such as cPAcP-p66 Shc protein inter- 
action, although it requires further investigation. It 
should be noted that the inverse correlation of the level 
of cPAcP to p66 Shc and ERK/MAPK phosphorylation is 
clinically significant, because in clinical PCa specimens, 
cPAcP is decreased (Loor et al, 1981; Pontes et al, 
1981; Solin et al, 1990; Sakai et al, 1993; Lin et ai, 
2001) and p66 Shc protein level and ERK/MAPK 
phosphorylation are elevated (Gioeli et al, 1999; Price 
et al, 1999; Lee et al, 2004a). This phenomenon is also 
similar to the observation in breast cancer cells that 
increased expression of p66 Shc protein correlates with 
ERK/MAPK activation (Jackson et al, 2000). The 
observation that elevated p66 Shc protein reduces the 



degree of EGF-induced ERK/MAPK activation in 
HeLa, CHO or COS-1 cells (Migliaccio et al, 1997; 
Okada et al, 1997) could be due in part to different cell 
types. Alternatively, it should be noted that in those 
p66 Shc -elevated cells, the basal activity of ERK/MAPKs 
was upregulated. Thus, it could be expected that the 
degree of further stimulation of ERK/MAPK by EGF 
in those p66 Shc -elevated cells is reduced. The mechanism 
of p66 Shc activating ERK/MAPK requires further 
analysis. 

Increased oxidative stress, through the generation of 
reactive oxygen species (ROS), in rapid-growing PCa 
cells might also account for the elevated expression of 
p66 shc protein in those cells. It is generally accepted that 
rapid-growing cells have activated metabolic reactions 
that lead to increased production of ROS (Klaunig and 
Kamendulis, 2004), which results in the elevation of 
p66 Shc protein to mediate oxidative stress signals. This 
notion is supported by the observations that the 
expression of p66 Shc protein is increased by raising 
intracellular ROS level, for example, by H 2 0 2 treatment 
(Trinei et al, 2002; Pacini et al, 2004). Interestingly, 
treatment of cells with steroid hormones and growth 
factors, such as, DHT and EGF, results in the 
upregulation of ROS in those cells (Ripple et al, 1997, 
1999; Meng et al, 2002) and the increased ROS could 
serve as a positive regulator of cell growth as observed in 
human hepatoma cells (Liu et al, 2002). Importantly, 
around 80% of the prostate tumor specimens showed an 
increase in NADPH oxidase 1 and intracellular ROS 
levels when compared to the adjacent noncancerous 
tissue (Lim et al, 2005). Thus, it could be speculated 
that the upregulation of p66 Shc protein by DHT or EGF 
treatment in PCa cells might be through the upregu- 
lation of ROS in those stimulated cells. In summary, 
our data clearly support for a novel functional role of 
p66 Shc protein in prostate carcinogenesis probably 
through promoting cell proliferation, although the 
detailed molecular mechanism(s) by which p66 Shc 
protein upregulates PCa cell proliferation require(s) 
further studies. Further, the potential role for p66 Shc 
protein in serving as a target for PCa therapy deserves 
further investigations. 



Materials and methods 

Materials 

FBS, RPMI 1640 culture medium, glutamine and gentamicin 
were purchased from Invitrogen (Carlsbad, CA, USA). 
Charcoal/dextran-treated, certified FBS was obtained from 
HyClone (Logan, UT, USA). BRFF-HPC1 medium was 
obtained from Athena Environment Science, Inc. (Baltimore, 
MD, USA). Polyclonal Abs (#06-203) recognizing all three 
isoforms of She protein and the Ab (#07-150) specifically 
recognizing p66 Shc protein were from Upstate Biotechnology 
Inc. (Lake Placid, NY, USA). Rabbit anti-PAcP antiserum 
was obtained as described previously (Lin et al, 1993). 
Polyclonal Abs against phospho-ERK/MAPK (Thr202/ 
Tyr204) and ERK/MAPK were from Cell Signaling (Beverly, 
MA, USA). Anti-0-actin Ab, EGF and DHT were obtained 
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from Sigma (St Louis, MO, USA). Horseradish peroxidase- 
conjugated anti-rabbit and anti-mouse IgG were purchased 
from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). 
All other chemicals were as described previously (Lin et al, 
1998; Meng and Lin, 1998; Lee et al, 2004a, b) 

Cell culture 

Human prostate carcinoma cell lines including LNCaP-FGC 
(doubling time 60 h) (Horoszewicz et al, 1983), MDA 
PCa2b (doubling time 61-73 h) (Navone et al, 1997), DU 
145 (doubling time 34 h) (Stone et al, 1978) and PC-3 
(doubling time 33 h) (Kaighn et al, 1979) were purchased 
from the American Type Culture Collection (Rockville, MD, 
USA). TSU-Prl cells (doubling time 36 h) (lizumi et al, 1987) 
were obtained from Dr Jin-Tang Dong at Emory University 
School of Medicine (Atlanta, GA, USA). Human PCa cells 
except MDA PCa2b cells were routinely maintained in the 
regular culture medium, that is, phenol red-positive RPMI 
1640 medium supplemented with 5% FBS, 1% glutamine and 
0.5% gentamicin (Meng and Lin, 1998). Cells were split once 
per week, which was defined as one passage. LNCaP cells with 
passage numbers less than 33 were designated as C-33, those 
with numbers greater than 81 as C-81, and those with numbers 
between 34 and 80 as C-51 (Lin et al, 1998; Meng et al, 2000; 
Igawa et al, 2002). LNCaP C-33 cells express endogenous 
PAcP, while C-81 cells have lost PAcP expression (Lin et al, 
1998). PAcP-cDNA-transfected C-81 stable subclone cells, 
that is, LN-23 and LN-40 cells, have slower growth rates 
(doubling time 72 and 90 h, respectively) than C-81 parental 
cells (doubling time 49 h) in a steroid-reduced condition (Meng 
and Lin, 1998). PC-3 cells do not express endogenous PAcP 
(Kaighn et al, 1979; Lin et al, 1998). PC-41 1 and PC-416 cells 
were PAcP cDNA-transfected PC-3 stable subclone cells with 
doubling time 40 and 54 h, respectively (Lin et al, 1998). MDA 
PCa2b cells were routinely maintained in the culture medium, 
that is, BRFF-HPC1 medium supplemented with 20% FBS, 
1% glutamine and 0.5% gentamicin. For EGF or DHT 
treatment, LNCaP C-33 cells were steroid-starved for 48 h in a 
steroid-reduced medium, that is, phenol red-free RPMI 1640 
medium containing 5% charcoal/dextran- treated, heat-inacti- 
vated certified FBS, 1% glutamine and 0.5% gentamicin. Cells 
were then exposed to EGF (lOng/ml) or DHT (10 nM) for 24 h. 

Cell growth determination 

To determine the growth of different passages of LNCaP and 
MDA PCa2b cells, 3.2 x 10 4 of different LNCaP cells or 
1 x 10 5 of different MDA PCa2b cells were seeded on six-well 
culture plates with duplicate wells and maintained in their 
respective culture medium. After 3 days, one set of attached 
cells was harvested and counted as day 0 with a Zl model 
Coulter Counter (Coulter Corporation, Miami, FL, USA). 
The remaining attached cells were fed with fresh medium, and 
the total cell numbers were counted on days 2, 4 and 6 for 
LNCaP cells or day 3, 5 and 7 for MDA PCa2b cells. The fresh 
medium was added to the remaining LNCaP cells on days 2 
and 4 or MDA PCa2b cells on days 3 and 5. 

Immunoblotting 

Subconfluent cells were harvested by scraping. After being 
spun at 4°C, the pelleted cells were rinsed with ice-cold 20 mM 
HEPES-bufTered saline, pH 7.0, and then lysed in ice-cold cell 
lysis buffer containing protease and phosphatase inhibitors. 
The detailed protocols for immunoblotting were as described 
previously (Lin et al, 1998; Meng and Lin, 1998; Lee et al., 
2004a, b). The p66 Shc protein level was semiquantified by 
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densitometric analyses of autoradiograms with different 
exposure time periods using Molecular Dynamics equipment 
and its software program (ImageQuant 3.0), The relative 
protein level was then normalized to the corresponding /J-actin 
protein level. 

Construction of p66 shc cDNA expression vector 

The wild-type p66 Shc cDNA constructed in the PINCO 
retroviral expression vector was from Dr A Raymond 
Frackelton Jr at the Brown University (Providence, RI, 
USA) with the approval from Dr Pier Giuseppe Pelicci at 
the European Institute of Oncology (Milan, Italy) (Migliaccio 
et al, 1999). The p66 shc coding region was amplified using this 
p66 Shc PINCO plasmid as the template and two oligonucleotide 
primers: 5 / - GAATTC AACT ATGGATCTCCTGCCCC-3' 
and 5 / - AAGCTTT AGGGCAGATCACAGTTT-CC-3 / (EcoRl 
and Hindlll sites are, respectively, underlined). This PCR 
fragment was digested by restriction enzymes EcoKl and 
Hindlll and then ligated with the EcoRl/Hindlll-cut pcDNA 
3.1 A vector (designated as pcDNA 3.1A-p66 Shc ). The sequence 
of p66 shc cDNA coding region was confirmed by DNA 
sequencing at the UNMC Molecular Biology Core Facility. 

Establishment of stable subclones of p66 Shc cDNA-transfected 
LNCaP C-33 cells 

LNCaP C-33 cells were transfected with pcDNA 3.1A-p66 Shc 
plasmid encoding the wild-type p66 Shc protein and subsequently 
selected by G418, as described previously (Lin et al, 1998). 
Two stable subclone cell lines, S32 and S36, were established 
and characterized in this study. V-l cells were a subclone cell 
line of LNCaP C-33 cells transfected with the vector alone. 

Flow cytometry 

For experiments, cells were seeded at a density of 5 x 10 5 cells 
per T25 flask in the regular medium for 3 days. At 48 h after 
feeding with fresh medium, cells were trypsinized, harvested and 
washed twice by Hank's balanced salt solution. Cells were 
treated with 70% ethanol at 4°C for 1 h, washed with PBS, and 
spun down by centrifugation. The DNA of ethanol -fixed cells 
was stained by the PI staining reagent at 4°C for 30 min. The PI 
staining reagent was prepared in PBS, pH 7.4, containing 0.1% 
Triton X-100, 0.1 mM EDTA disodium salt, 0.05mg/ml RNase 
A (50U/mg), and 50//g/ml propidium iodide (Telford et al, 
1991). The determination of cell cycle distribution for single cell 
was carried out using a Becton- Dickinson fluorescence-acti- 
vated cell sorter (FACSCalibur, Becton Dickinson, San Jose, 
CA, USA) at the UNMC Flow Cytometry Core Facility. 

Construction of vector coding for p66 Shc siRNA transcripts and 
transfection 

To knock down p66 Shc expression in PCa cells, pSUPER vector 
(OligoEngine Inc., USA) was used, which involves a plasmid- 
based RNAi approach. Sense and antisense strand oligonu- 
cleotides that code for p66 Shc siRNA transcripts were designed, 
according to the instructions by OligoEngine Inc., USA, and 
were synthesized in the Molecular Biology core facility at 
UNMC. The target sequence was 5'-TGAGTCTCTGT 
CATCGCTG-3' that lies in the CH 2 region of p66 Shc 
(GenBank Acc. No. U73377). The oligos were annealed to 
each other and ligated with pSUPER vector predigested with 
BgUl and Hindlll. The plasmid was designated as pSUP-p66. 

LNCaP C-81 cells and PC-3 cells were plated at a density of 
1 x 10 5 cells/well of a six-well plate for 48 h. Cells were 
then transfected with different amounts of siRNA-encoding 
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pSUPER plasmid using Li po feet Amine Plus reagent (Invitro- 
gen, USA). After 4h, cells were replenished with RPMI-1640 
medium containing 10% FBS overnight and then fed with 
regular medium. The cells were harvested after 3 days by 
trypsinization and were counted using a Coulter counter. 
Owing to the differences in transfection efficiency of those 
cells, we cotransfected them with pSUP-p66 and pTRACER- 
CMV, a plasmid expressing full-length GFP (Invitrogen Inc., 
USA), in the ratio of 3 : 1 . Cells were harvested after 3 days for 
analysis of cell growth and cell cycle. 

Abbreviations 

Ab, antibody; cPAcP, cellular form of prostatic acid phos- 
phatase; DHT, 5a-dihydrotestosterone; ECL, enhanced che- 
miluminescence; EGF, epidermal growth factor; ERIC/ 
MAPK, extracellular signal-regulated kinases/mitogen-acti- 
vated protein kinases; FBS, fetal bovine serum; GFP, green 
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INTRODUCTION 

First proposed in 1978 by Zamencik & Stephenson (1), oligonucleotide 
therapeutics represent a new paradigm for drug discovery. The technology 
focuses on a class of chemicals, oligonucleotides, that has not been studied as 
potential drugs before and employs them to intervene in biological processes 
that likewise have not been studied previously as sites at which drugs might 
act 

The paradigm has resulted in substantial enthusiasm because oligonucleo- 
tides may display dramatic increases in affinity and selectivity for their 
nucleic acid targets compared to traditional drugs. Furthermore, antisense 
technology may facilitate rational drug design. Table 1 compares affinities 
and the potential for selectivity of oligonucleotides versus traditional drugs. 
The comparison is based on average affinities of typical traditional drugs in * 
optimized assays with purified receptors and data derived from a 21-mer 
phosphorothioate oligonucleotide in binding assays performed in 1M NaCl. 
Hybridization varies substantially as a function of ionic strength, and the 
affinities at 100 mm NaCl in the presence of Mg 2+ for the 21-mer are 
significantly lower. Furthermore, affinities may be lower in physiological 
systems with RNA that has secondary structure, so these comparisons present 
the opportunity in its broadest dimensions. 

A number of terms have been coined and often misused to describe various 
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Table 1 Affinity and selectivity of traditional and oligonucleotide drags. Affinity constants 
were determined as described in text 



Traditional drug 




Oligonucleotide drug (1M NaCl) 




Affinity for receptor 


10 8 


Affinity for receptor sequence 


10 M 


Affinity for isotype 


10 6 -10 8 


Affinity for one base mismatch 


10 26 


Maximum affinity for 
other proteins 


10 6 -10* 


Maximum affinity for nucleic 
acid binding proteins 


10 12 -10 13 


AKd 


1-10 2 


A kD 


10 4 -I0" 



components of the overall approach to using oligonucleotides as therapeutic 
agents. Antisense describes the interaction between oligonucleotides com- 
plementary to (sense) pre-mRNA 1 or mRNA molecules; these inhibit the 
oligonucleotides production of the protein product. The term has been 
broadened to describe any therapeutic oligonucleotide interaction with nucleic 
acids. Triplex denotes the interaction between oligonucleotides and double- 
stranded DNA that may result in inhibition of transcription. RNA structures 
display double-stranded regions, however, and thus the formation of triple- 
stranded structures in RNA is also possible. Aptamers describes the use of 
oligonucleotides to bind to nucleic acid binding proteins. 

SCOPE AND OBJECTIVES OF THE REVIEW 

This review focuses strictly on the use of oligonucleotides designed to interact 
with nucleic acids as therapeutics. The objectives are to place oligonucleotide 
therapeutics in the context of modern drug discovery and development and to 
summarize recent progress. 

'Abbreviations: BFGF, basic fibroblast growth factor; cAMP t cyclic AMP; CH 3 -P, methyl- 
phosphonate oligonucleotides; EGF, epidermal growth factor; EL AM, endothelial cell adhesion 
molecule; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage 
colony-stimulating factor; HB, hepatitis B; HIV, human immunodeficiency virus; HSV, herpes 
simplex virus; HTLV, human T-cell lymphotrophic virus; ICAM, intracellular adhesion molecul- 
e; IGF, insulin-like growth factor; IL-1, interleukin 1; introns, intervening sequences; IV, 
influenza virus; mRNA, messenger ribonucleic acid; P, phosphodiester oligonucleotides; P- 
acridine, phosphodiester oligonucleotide conjugated with acridine moiety; PCNA, proliferating 
cell nuclear antigen; PLA 2 , phospholipase A 2 ; P- lipid, phosphodiester oligonucleotide con- 
jugated with lipid moiety; PMA, phorbol mysteric acid; P-S, phosphorothioate oligonucleotides; 
Rev, regulation of virion protein expression; RSV, Rous sarcoma virus; TAR, Tat response 
element; TBE, tick-borne encephalitis; Tm, thermal transition point; VSV, vesicular stomatitis. 
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BASIC CONSIDERATIONS 



Conceptually, oligonucleotide drug effects can be rationalized by traditional 
receptor theory and basic concepts concerning drug action. Within the broad 
context of pharmacological theory, however, a number of differences in- 
fluence rational drug design and the potential utility of these agents. 

Pharmacodynamics 

rna intermediary metabolism Oligonucleotides are designed to mod- 
ulate the information transfer from the gene to protein — in essence, to alter 
the intermediary metabolism of RNA. Figure 1 summarizes these processes. 

RNA intermediary metabolism is initiated with transcription. The transcrip- 
tion initiation complex contains proteins that recognize specific DNA se- 
quences and locally denature double-stranded DNA, thus allowing a member 
of the RNA polymerase family to transcribe one strand of the DNA (the 
antisense strand) into a sense pre-mRNA molecule. Usually during transcrip- 
tion, the 5 1 end of the pre-mRNA is capped by adding a methyl-guanosine and 
most often by methylation of one or two adjacent sugar residues. This 
enhances the stability of the pre-mRNA and may play a role in a number of 
key RNA processing events (2). Between the 5' cap and the site at which 
translation is initiated is usually a stretch of nucleotides; this area may play a 
key role in regulating mRNA half-life (3). 



Capping/ 
Polyadenylation 



Transcription 





Translation 




Figure 1 RNA processing. 
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Similarly, the 3' end of the pre-mRNA usually has a stretch of several 
hundred nucleotides beyond the translation termination signal. This area often 
plays an important role in determining mRNA half-life. Moreover, post 
transcriptionally, most pre-mRNA species are polyadenylated. Polyadenyla- 
tion stabilizes the RNA, is important in transport of mature mRNA out of the 
nucleus, and may play important roles in the cytoplasm as well (4, 5). 

Because eukaryotic genes usually contain intervening sequences (introns), 
most pre-mRNA species must have these sequences excised and the mature 
RNA spliced together. Splicing reactions are complex, highly regulated, and 
involve specific sequences, small molecular weight RNA species, and numer- 
ous proteins. Alternative splicing processes are often used to produce differ- 
ent mature mRNAs and, thus, different proteins. Even though introns are 
often considered waste, important sequences are conserved, and some introns 
may play a variety of regulatory roles. 

Mature mRNA is exported to the cytoplasm and engages in translation. 
mRNA half -life varies from a few minutes to many hours and appears to be 
highly regulated (3). 

Each step shown in the pathway is a composite of numerous steps, and each 
step is theoretically amenable to intervention with oligonucleotides. For 
virtually no mRNA is the pathway fully defined, however, and available 
information is insufficient to determine the rate-limiting steps in the in- 
termediary metabolism of any mRNA species (6, 7). 

affinity The affinity of oligonucleotides for their receptor sequences re- 
sults from hybridization interactions. The two major contributors to the free 
energy of binding are hydrogen bonding (usually Watson-Crick base pairing) 
and base stacking in the double helix that is formed. As mentioned, affinity is 
affected by ionic strength. Affinity results from hydrogen bonding between 
complementary base pairs; the reduction in entropy results from the stacking 
of the coplanar bases. Consequently, affinity increases as the length of the 
oligonucleotide receptor complex increases. Affinity also varies as a function 
of the sequence in the duplex. Nearest neighbor rules allow the prediction of 
the free energy of binding for DNA-DNA and RNA-RNA hybrids with 
relatively high precision (8, 9). Less information is available to develop 
predictions for DNA-RNA duplexes. A common misconception is that DNA- 
RNA duplexes are more stable than DNA-DNA duplexes. In fact, the relative 
stability of these duplexes varies as a function of the sequence. RNA-RNA 
duplexes are typically the most stable (S. M. Freier, unpublished results). 

As with other drug-receptor interactions, activity requires a minimum level 
of affinity. For many targets and types of oligonucleotides, the minimum 
length of an oligonucleotide may be 12-14 nucleotides. 
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specificity Specificity derives from the selectivity of Watson-Crick or 
other types of base pairing. The decrease in affinity associated with a mis- 
matched base pair varies as a function of the specific mismatch, the position 
of the mismatch in a region of complementarity, and the sequence surround- 
ing the mismatch. As an example, Table 2 compares the impact of various 
mismatches centered in two complementary 18-mers. The A AG 37 or change 
in Gibbs free energy of binding induced by a single mismatch varies from 
+ 0.2 to + 4.9 kcal/mol per-modification at 100 mM NaCl. Thus, a single base 
mismatch results in a change in affinity of approximately 500-fold (10). 
Modifications of oligonucleotides may alter specificity. In fact, we have 
synthesized modified bases with substantially enhanced selectivity and others 
that display virtually no preferences for different bases. 



Table 2 Effects of single-base mismatches on duplex stability. Absorbance vs temperature profiles 
were measured at 4 f*M each strand in 100 mM Na + , 10 mM phosphate, 0.1 mM, EDTA, pH 7.0. 



X strand: 
Y strand: 


5'-d(CTC GTA CCx TTC CGG TCQ-3' 
5'-(GGA CCG GAA yGG TAC GAG)-3' 


fully phosphorothioate 
X = dA, dC, dG, or T 

fully RNA 

y = A, C, G, or U 












AG° 37 


AAG° 37 


X 


Y 


TJCC) 


AT m (°C) 


(kcal/mol) 


(kcal/mol) 


dT 


rA 


53.6 




-11.6 




dT 


rC 


40.8 


-12.8 


-8.9 


+2.6 


dT 


rG 


50.0 


-3.6 


-10.5 


+ 1.1 


dT 


rU 


41.9 


-11.7 


-9.1 


+2.5 


dG 


rC 


56.9 




-13.1 




dG 


rA 


42.3 


-14.6 


-8.9 


+4.2 


dG 


rG 


45.0 


-11.8 


-9.3 


+3.8 


dG 


rU 


45.7 


-11.1 


-9.8 


+3.3 


dC 


rG 


59.0 




-12.5 




dC 


rA 


43.3 


-15.7 


-9.3 


+3.2 


dC 


rC 


39.5 


-19.4 


-8.7 


+3.9 


dC 


rU 


40.0 


-19.0 


-8.7 


+3.8 


dA 


rU 


52.7 




-11.4 




dA 


rA 


42.7 


-10.0 


-9.3 


+2.2 


dA 


rC 


42.7 


-10.0 


-9.1 


+2.3 


dA 


rG 


44.5 


-8.1 


-9.3 


+2.1 



1 T ro s and free energies of duplex formation were obtained from tits of the absorbance vs. temperature data to a 
two-state model with linear sloping baselines. Reported parameters are averages of at least three experiments. . 
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Based on the differences in affinity of oligonucleotides for their com- 
plementary target sequence, calculations suggest that unmodified oligodeoxy- 
nucleotides between 11-15 in length should be able to bind selectively to a 
single RNA species in the cell (11). Studies in our laboratories have demon- 
strated that affinities predicted by nearest neighbor analyses are highly useful 
in rational drug design (10). For example, by using strategies based on nearest 
neighbor predictions, oligonucleotides can be designed that selectively inhibit 
the production of mutant RAS containing a single base change in the mRNA 
vs. normal RAS in cells in tissue culture (B. P. Monia et al, manuscript 
submitted). 

nucleic acid selectivity The 2 f -hydroxyl in RNA results in the sugar 
assuming a different conformation from that in DNA. RNA-RNA duplexes 
assume an A form double helix whereas DNA-DNA duplexes assume a 
B-form double helix. Consequently, oligonucleotides can be modified to bind 
more tightly to RNA or DNA sequences. For example, Table 2 shows the 
effect of 2 '-modifications at every position of a 15-mer on T m and AG37 for 
DNA and RNA targets and demonstrates that 2 ! -0-methyl substitutions in- 
crease T m for RNA by 1.4° per modification compared to DNA (12). 

Rna structure RNA can assume a variety of secondary structures deriv- 
ing from intramolecular base pairing. The simplest structures are stem-loops 
in which double-stranded regions are interspersed with loops and random 
coils. More complex structures described as pseudoknots also form (13). 
These structures are profoundly important in determining RNA function and 
influencing the ability of oligonucleotides to bind to their RNA targets. The 
types of effects of bound oligonucleotides on RNA function are affected by 
RNA structures as well. 

Pharmacoki netics 

As with any other class of drugs, oligonucleotide drugs must attain a suf- 
ficient concentration at their receptor for a sufficient period to display activ- 
ity. Inasmuch as most of the targets for oligonucleotides are intracellular, 
oligonucleotides must be relatively stable in and outside the cell and must be 
able to traverse the cellular membrane. 

nuclease stability Oligonucleotides may be degraded by nucleases. 
Nucleases that degrade DNA or RNA from either the 5 1 or 3' terminus are 
known as exonucieases; those that cleave internally are endonucleases. 
Numerous nucleases exist and have been shown to degrade oligonucleotides. 
Although in serum the dominant nuclease activity is 3 1 exonuclease, in cells 
and other bodily fluids 3 ? and 5' exonucieases and endonucleases are present. 
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In serum, phosphodiester oligodeoxy nucleotides are rapidly degraded. The 
rate of degradation varies as function of the sequence and length of the 
oligonucleotide and the type of serum (14-16). Typically, half-lives of phos- 
phodiester oligodeoxynucleotides range from 15 to 60 min in most 
sera. Heat inactivation of serum reduces the rate of degradation of oligonucle- 
otides. Oligoribonucleotides are significantly less stable than oligodeoxynu- 
cleotides. 

Work from many laboratories has demonstrated that a wide range of 
modifications may be used to enhance the stability of oligonucleotides. 
Phosphate modifications have been shown to result in marked increases in 
stability (see Table 3). Phosphorothioate oligonucleotides have been shown to 
be extremely stable in media, cells and cell extracts, serum, various tissues, 
urine and stable to most nucleases (16-20). The half-life of phosphorothioate 
oligonucleotides is greater than 24 hr in nearly all environments tested. 
Furthermore, phosphorothioates have been shown to be stable to various 
restriction endonucleases when in duplexes. In general, one of the diastereo- 
mers is cleaved slowly and the other is entirely resistant (21-24). 

The non-ionic methylphosphonate analogs have also been shown to be 
extremely stable to nucleases (25-31). Again, these oligonucleotides are 
diasteresomeric at each modified phosphate, and the R isomer is slightly more 
sensitive than the S isomer to degradation by nucleases (16, 32). 



Table 3 Effects of 2' modifications on hybridization and stability. Duplex hybridization 
was evaluated from absorbance vs. temperature profiles at 260 nm in 100 mM Na + , lOmM 
phosphate, 0.1 mM EDTA, pH 7.0 at 8 ilM strand concentration. 



Modification' 


Positions 


Hybridization 


Serum 
stability 


T m 2 vs DNA 
(°C) 


T m vs RNA 
(°C) 


T m 


Phosphodiester 


All 


50.5 


39.0 


1 h 


Phosphorothioate 


All 


43.2 




>24 h 


2'-0-nonyl dA 


12 13 14 




41.3 


60 h 


2"-0-allyl 


12 13 14 


50.3 


40.8 


10 h 


2'-0-benzyl 


12 13 14 


45.5 


37.8 


18 h 


2'-0-aminopropyl 


12 13 14 


53.7 


42.0 




2'-fluoro P + S 


2'F in 


47.2 


36.5 


1 h 

»24 h 



12 13 14 
P = S in all 



' 15 mer: CGA CTA TGC AAA AAC 

2 T m is the temperature at which half the strands are in the duplex state and half are in the coil state. T m 
was obtained from a nonlinear least squares fit of the experimental data to a modified two-state model with 
linear sloping baselines (224) 
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Other classes of modifications that have been reported to result in sub- 
stantial nuclease stability include the phosphoramidates (19, 33) and iso- 
propyl phosphate triesters (34, 35). Interestingly, ethylphosphate triesters 
were shown to be cleaved after being deethylated in cells (27, 36). Oligonu- 
cleotides containing a-anomers in the sugar moiety are substantially more 
stable in serum and cells than natural phosphodiesters (14-15, 37-41). 

Modifications at the 2 '-position of the sugar have also been shown to 
enhance nuclease stability (42). 2'-0-methyl-oligonucleotides were shown to 
be significantly more resistant than unmodified oligonucleotides, and 2' re- 
ally 1 modified oligonucleotides were even more stable (43). In studies in our 
laboratory, a large number of 2 1 -modifications have been characterized. 
2'-0-methyl analogs were highly resistant to nucleases in serum and cells. 
Modifications as bulky as nonyl groups were shown to have only a minor 
negative effect on hybridization and to impart high levels of nuclease stability 
In contrast, 2 , -fluoro derivatives were nearly as sensitive to nucleases as 
unmodified oligoribonucleotides (12, 44). Table 3 provides a comparison of 
affinities to RNA and stabilities in serum for several V modified oligonucleo- 
tides (45). Although numerous other modifications have been studied, either 
insufficient data concerning hybridization properties or nuclease stabilities 
have been reported to support conclusions or their hybridization properties 
were unattractive. For example, open ring sugar analogs of adenosine were 
reported to be nuclease stable (46). Acyclic pentofuranosyl modified oligo- 
nucleotides were reported to be nuclease resistant, but the T m for these 
oligonucleotides was reduced 9-15 degrees per modification (47). Other 
acyclic sugars have been reported but, again, the hybridization properties 
were poor (48). Carbocyclic modified oligothymidylates were reported to be 
nuclease resistant and to hybridize to oligodeoxyadenosine with higher affin- 
ity than natural oligodeoxy-thymidylate (49, 50), but studies on mixed se- 
quences have not been reported. 

A wide variety of phosphate replacements have also been studied. In earlier 
work, the phosphodiester was replaced with esters, amides, and various 
polymeric materials, but these modifications were not designed to be used as 
antisense oligonucleotides and, therefore, are largely unattractive (12, 16). 
More recently, formacetal replacement of the phosphate has been reported by 
two groups to result in oligonucleotides with acceptable hybridization proper- 
ties and nuclease resistance (51-53). 

Other modifications for which little information is available include sulfon- 
amide replacement of phosphate (54), diphosphonate dinucleotides (55), 
acetamide linkages (56, 57), and phosphonyl methyl linkages (58), These and 
other modifications are discussed in detail in two recent reviews (12, 16). In 
our laboratories, a number of other novel backbone modifications have been 
synthesized. Given the number of novel synthetic approaches and molecules 
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and the number of laboratories now involved, a substantial increase in the 
repertoire of backbone-modified oligonucleotides with desirable properties is 
likely in the near future. 

In addition to uniform modifications, a number of pendant groups at the 5' 
and/or 3 f termini and more recently in internal positions of oligonucleotides 
have been reported to enhance nuclease stability. Modifications include in- 
tercalating agents (59-62) and poly-L-lysine (63, 64) at the 5' or 3' terminus 
and a number of modifications such as amino-alkoxy (65), anthraquinone 
(66), and alkyl groups (45). Moreover, heterocycle modifications, including 
pendant groups from the N2 site of guanine (67, 68), pendant groups from 
3-deazaguanine (69), and 5- and 6-position modifications of deoxycytidine 
and thymidine (70), have shown increased stability to nucleases of varying 
levels. 

In conclusion, numerous medicinal chemical strategies can be employed to 
create oligonucleotides with varying degrees of nuclease stability. The choice 
of the modification(s) employed is dictated by the level of stability desired 
and other desired properties of the oligonucleotides. It is now possible to 
design oligonucleotides that display excellent hybridization characteristics 
and half-lives, that range from minutes to several days when oligonucleotides 
are incubated with nucleases, serum, cells, or cell extracts. 

intracellular stability Although considerable confusion and con- 
troversy exist with regard to the stability of oligonucleotides in cells in tissue 
culture and the ability to predict intracellular stability of oligonucleotides 
based on stability in sera, a consensus opinion is emerging. The nuclease 
activity of sera derived from different species varies. Fetal calf serum is more 
active than mouse serum, and human serum appears to have the least nuclease 
activity (G. D. Hoke, unpublished observations). All sera display substantial 
nuclease activity, however, and there are significant lot-to-lot variations. In 
all sera tested, 3' exonucleases constitute the primary nuclease activity (12, 
16, 71). In a number of publications, fetal calf serum used in tissue culture 
experiments has been heated to inactivate nucleases. Again, however, con- 
ditions were not standardized, and in some lots of sera, heating to 65°C for 30 
min does not inactivate all nucleases (16). 

Another factor that has contributed to confusion is that a variety of labeling 
methods and analytical techniques have been employed. Studies have em- 
ployed 3 |32 P and 5 ,32 P labeled oligonucleotides, 5 ,35 S labeled oligonucleo- 
tides, and oligonucleotides labeled with fluorescent pendant groups at the 5 1 
terminus (14-16, 72). Relatively few studies have used uniformly labeled 
oligonucleotides. Furthermore, relatively few studies have rigorously sepa- 
rated intact oligonucleotides from degradation products, and even fewer have 
performed careful kinetic studies. 
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Studies in our laboratory have employed either phosphodiester oligonucleo- 
tides uniformly labeled with 32 P or phosphorothioate oligonucleotides un- 
iformly labeled with 35 S. The kinetics of degradation have been studied with 
several cell lines in vitro and cytoplasmic and nuclear extracts derived from 
HeLa cells. In contrast to a number of studies, in all cells studied to date, 
phosphodiester oligonucleotides were degraded within 15-30 min of incuba- 
tion (7 1 , 73). In contrast, phosphorothioate oligonucleotides of 15 , 2 1 , and 30 
nucleotides in length and various sequences were stable for at least 24 hr when 
incubated with various cells. In studies in HeLa cells in which ISIS 1082, a 
21-mer phosphorothioate, was incubated with the cells, then extracted from 
cells at various time points and analyzed on polyacrylamide gels, the com- 
pound was intact for four days (73). 

Methylphosphonate oligonucleotides have also been shown to be stable in a 
variety of cells lines and extracts (14). No other class of oligonucleotides, 
however, has been sufficiently studied to allow definitive conclusions. 

cellular uptake and DISTRIBUTION Antisense oligonucleotides typi- 
cally are 15-30 nucleotides long and thus have molecular weights that range 
from 4500-9000 daltons. The charge carried by phosphodiesters is, of course, 
negative and they are highly water soluble. The charge and hydrophilicity of 
modified oligonucleotides vary depending on the modifications. Con- 
sequently, membrane transport and cellular distribution are likely to vary 
widely as a function of the modifications introduced into oligonucleotides. 
For the two classes of modified oligonucleotides for which significant data 
have been reported — methylphosphonates and phosphorothioates — this is 
clearly the case. For both classes of oligonucleotides, the evidence is compel- 
ling that they do enter many cells at pharmacologically relevant con- 
centrations. 

Methylphosphonates are uncharged and lipophilic. Although thought to be 
taken up by most cells in tissue culture via passive diffusion, detailed studies 
of the kinetics of cellular uptake, distribution, and metabolism of uniformly 
labeled methylphosphonates have not been reported. Studies in Syrian ham- 
ster fibroblasts on oligonucleotides 3-9 nucleotides in length showed linear 
cell association for 1 hr, then reduced uptake. At equilibrium, the intracellular 
concentration of oligonucleotide was reported to be equivalent to the ex- 
tracellular concentration (27, 74). In another study, a 21-mer methylphos- 
phonate labeled with 32 P at the 5' terminus was reported to be taken up by 
CV-1 cells. Cell association was linear for 2 hr. Unfortunately, however, 
studies proving that the cell-associated radioactivity represented intact oligo- 
nucleotide were not presented. Nor were detailed studies on characteristics of 
uptake or intracellular distribution presented (75). 

Phosphorothioates are negatively charged, but because of the sulfur atoms 
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they may be slightly more lipophilic than phosphodiesters and tend to bind 
nonspecifically to serum proteins. Studies in our laboratories have shown that 
phosphorothioate oligonucleotides bind to serum albumin and that in the 
presence of serum albumin, cell-association is reduced (73; G. D. Hoke et al, 
unpublished observations). 

Studies employing a 28-mer phosphorothioate deoxycytidine that was uni- 
formly labeled with 33 S demonstrated that when HeLa cells were incubated 
with 1 /iM of the drug, significant intracellular concentrations were achieved. 
Cellular uptake was linear, reaching a plateau of 60 p mole/10 6 cells in 6 hr. 
Adsorption to the cell membrane was minimal. Uptake was also con- 
centration-dependent, reaching a plateau at approximately \ fxM. The drug 
associated with HeLa cells was intact for 24 hr and was located in both nuclei 
and cytoplasm. Infection with herpes simplex virus type 2, but not type 1 , 
increased cellular uptake (76). 

Studies in our laboratories have confirmed and extended the observations 
on phosphorothioate oligonucleotides. The cellular uptake, distribution, and 
metabolism of ISIS 1082, a uniformly 35 S labeled 21-mer phosphorothioate 
with a mixed antisense sequence, have been characterized in HeLa cells and 
HeLa S 3 cells, a variant line conditioned to growth in suspension. Incubation 
of HeLa cells with 5 /iM of the drug resulted in approximately 8% of input 
radioactivity being associated with the cells. Cell association was linear for 
approximately 8 hr, and approximately 20% of the cell-associated radioactiv- 
ity appeared to be adsorbed to the membrane. Uptake was temperature- 
dependent, required viable cells, and was inhibited by metabolic poisons. 
Uptake was concentration-dependent, and was linear to 10 /xM. Uptake was 
influenced slightly by calcium and magnesium and was saturable. Natural 
oligonucleotides and methylphosphonates did not compete for uptake while 
other phosphorothioates competed; however, different length and sequence 
phosphorotioates competed differently (73, 77). 

We have also studied other phosphorothioates of various lengths and other 
cell lines. HL 60 cells appear to take up less phosphorothiate oligonucleotides 
than HeLa cells and HeLa S 3 cells take up very little drug (73). Although not 
directly compared, human umbilical vein endothelial cells also appear to take 
up less drug than HeLa cells. Thus, there is considerable variation in the 
extent of uptake as a function of cell type. 

In all cells studied, and with all uniformly labeled phosphorothioate oligo- 
nucleotides of varying size and sequences, we have shown that these drugs are 
stable in cells and cytoplasmic and nuclear extracts. In HeLa cells, no 
degradation of intracellular ISIS 1082 was observed for four days (73). 
Preliminary studies confirmed that these oligonucleotides distributed to both 
cytoplasm and nuclei and showed that there is an active temperature- 
dependent efflux process as well (77, 78). 
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When incubated with cells in the absence of serum or heat-inactivated 
serum, several laboratories have reported the apparent uptake of phosphodies- 
ter deoxyoligonucleotides. Moreover, a number of laboratories have reported 
activities for phosphodiester oligonucleotides that apparently were due to 
cellular uptake and intracellular activities. The studies on cellular uptake are 
not fully convincing, however Loke et al (79) studied deoxythymidine oligo- 
nucleotides ranging from 3-20 nucleotides in length and labeled with acridine 
at the 3' terminus. They incubated HL60 and three other hematopoietic cell 
lines with 12.5 fiM of the acridine labeled drug and used flow-cytometric 
analyses of acridine fluorescence to quantitate cellular uptake. Uptake was 
reported to decrease as the length of the oligonucleotide increased and to vary 
as a function of the cell type. Uptake achieved a plateau in HL60 cells in 50 hr 
and was inhibited by polynucleotides of any length. The authors concluded 
that the oligonucleotides were taken up by an endocytotic mechanism. Un- 
fortunately, the stability of the oligonucleotide-acridine conjugate was not 
rigorously documented. Nor were possible effects of acridine in the uptake of 
the oligonucleotide rigorously explored. Additionally, possible quenching or 
enhancement of the fluorescence of acridine by cellular interactions was not 
explored. Finally, extrapolations from homopolymers to mixed sequences 
have not been proven to be valid. 

Another study employing phosphodiester oligonucleotides reached similar 
conclusions (80). Again, for most of the experiments, oligodeoxythymidines 
of 8 to 16 nucleotides in length were incubated with L929 mouse fibroblasts in 
the absence of serum. Maximal uptake occurred within 2 hr and upon 
incubation with fresh medium, cell-associated 32 P was released. Substantial 
degradation of the 5 1 labeled oligonucleotide was observed within 2 hr, and 
the authors concluded that approximately 20% of the radioactivity was in 
nuclei. Again, the authors concluded that the most likely mechanism of 
uptake was endocytosis (80). 

Other pendant modifications of phosphodiester oligonucleotides have also 
been studied. A 9-mer labeled with acridine at the 3 ! terminus was reported to 
be taken up by Trypanosome brucei (61). More recently, the same group has 
reported that a 9-mer coupled at the 3' terminus to acridine via a dodecanal 
linker was more active in cells expressing mutated RAS than a 9-mer with a 3' 
acridine only (81). 3 1 poly-L-lysine-oligonucleotides have been reported to be 
stable to serum nucleases and to have enhanced activity as compared to 
phosphodiesters. Uptake was not studied, however, (63, 82, 83). In a later 
publication, the uptake of a poly-L-lysine oligonucleotide conjugate was 
enhanced compared to the unmodified oligonucleotide (84). When used to 
treat cells other than L929 cells, however, poly-L-lysine conjugates were 
inactive (64). 

A number of lipid conjugates have also been studied. 5 1 linked triethylam- 
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monium 1,2 di-O-hexadicyl-rac-glycerol-3-H-phosphonate oligonucleotides 
were taken up 8-10-fold more than unmodified oligonucleotides by L929 
cells and were more active against varicella zoster viral infections, albeit at 
high concentrations (85). An oligonucleotide linked at the 5 1 terminus to an 
undecyl residue was reported to be active, but no uptake or stability studies 
were reported (86). 

The intracellular fate of oligonucleotides injected into oocytes and the 
uptake of oligonucleotides into oocytes have also been studied. When injected 
into Xenopus oocytes, unmodified oligonucleotides were degraded within 1 
min primarily by 3 1 exonuclease digestion, but other nucleolytic activities 
were also present (87, 88). Interestingly, in this system, even phosphorothio- 
ate oligonucleotides were reported to be degraded, albeit much more slowly 
than phosphodiesters (89). These observations were extended in studies on 
oligodeoxynucleotides injected into CV-1 endothelial cells. A 28-mer oligo- 
nucleotide of either phosphodiester, phosphorothioate, or methylphosphonate 
type was injected into the cytoplasm of these cells. All three types of 
oligonucleotides localized to the nucleus in a temperature- but not energy- 
dependent fashion. The methylphosphonate oligonucleotide concentrated in 
regions of genomic DNA, in contrast to the two other oligonucleotides that 
co-localized with small nuclear ribonucleoproteins (90). Uptake of un- 
modified oligonucleotides by pre-implantation embryos was reported to be 
virtually nil (91). 

Liposomes and related formulations have been shown to enhance cellular 
uptake of oligonucleotides in vitro. Loke et al (92) compared the uptake of 
phosphodiester and phosphorothioate deoxythymydine heptamers into HL-60 
cells by using oligonucleotides coupled to 2-methyloxy-6-chloro 9-(5- 
hydroxypentyl) amino acridine and monitoring with flow cytometry. They did 
not determine the integrity of the oligonucleotides, but reached the conclusion 
that phosphodiester dT 7 was taken up by HL-60 cells much more effectively 
than phosphorothioate d-T 7 , and that uptake plateaued at 50 hr. They reported 
increased anti-c-myc activity of phosphorothioate oligonucleotides after load- 
ing them in phosphatidyl serine liposomes. The uptake of a tetramer 2' -5' 
deoxy adenylate into LI 210 cells was reported to be increased by loading the 
oligo-adenylate into Staphyloccus aureus protein A-crosslinked phospholipid 
vesicles (93). In our laboratories, we have shown that lipofectin, a cationic 
lipid mixture, can significantly increase the uptake and activity of phosphor- 
othioate oligonucleotides in several cell lines. It also alters the intracellular 
distribution of these nucleotides (78). 

With the exception of methylphosphonates, the conclusion from studies 
that have addressed the mechanisms of uptake of oligonucleotides is that the 
most likely mechanism is receptor-mediated endocytosis. In fact, in one study 
an 80-kd protein that appeared to bind oligonucleotides was partially purified 
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and postulated to be a "receptor" (79). The evidence supporting this mech- 
anism is limited, however, and data are insufficient to conclude that receptor- 
mediated endocytosis is the most common or only mechanism of uptake of 
charged oligonucleotides in most cells. 

In conclusion, although many questions remain to be answered, it appears 
that many cells in tissue culture may take up oligonucleotides at pharmacolog- 
ically relevant concentrations. Clearly, oligonucleotides of different types 
behave differently and there are substantial variations as a function of cell 
type. Moreover, length and specific sequences may alter uptake, and pendant 
modifications may profoundly influence cellular uptake. 

Once in the cell, it would seem that oligonucleotides distribute to the 
cytoplasm and the nuclei. In most if not all cells, phosphodiester oligonucleo- 
tides are rapidly degraded whereas methylphosphonates and phosphoro- 
thioates are much more stable. Again, pendant modifications may alter the 
rate of intracellular degradation and distribution. 

Mechanisms of uptake and distribution are poorly understood. Clearly, 
however, multiple mechanisms may play a role, and different types of 
oligonucleotides may behave very differently. 

Novel formulations may enhance cellular uptake. Liposomes and cationic 
lipids significantly enhance uptake and may alter the mechanisms of uptake 
and intracellular fate of oligonucleotides. 

in vivo pharmacokinetics Preliminary in vivo pharmacokinetic data 
are now available on methylphosphonate and phosphorothioate oligonucleo- 
tides. A 12-mer 3 H-labeled methylphosphonate injected in the tail vein of 
mice was rapidly cleared as intact oligonucleotide and distributed broadly to 
all tissues except the brain (94). 

More extensive studies have been performed on 35 S-labeled phosphorothio- 
ates in rats. A true distribution phase of 15-25 min was observed after a single 
IV dose of a 27-mer followed by a prolonged elimination phase of 20-40 hr 
(94). The prolonged elimination phase may result from the binding of phos- 
phorothioates to serum proteins. Phosphorothioates distrubuted broadly to all 
tissues except the brain and were eliminated in the urine intact. Phosphoro- 
thioates were rapidly and extensively absorbed after IM and IP administration 
(94). 

Repeated daily doses of 50 mg/kg of a 27-mer phosphorothioate to mice 
resulted in similar distribution and elimination kinetics but slight differences 
in tissue concentrations from single dose studies. Liver, kidney, spleen, and 
lung were the organs with highest concentrations. Again, the drug was 
excreted intact in the urine (94). 

Continuous osmotic pump administration of the same compound sub- 
cutaneously for 4 wk at doses of 50-150 mg resulted in similar pharmacokine- 
tics (94). 
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Studies with ISIS 1082, a 21-mer phosphorothioate, in mice showed that 
when applied to the cornea in a sodium acetate buffer, significant adsorption 
to the cornea and absorption into the aqueous and vitreous humors occurred. 
Moreover, significant systemic bioavailability was observed (78). In rabbit, 
as much as 25% of an applied ocular dose was systemically bioavailable 
(unpublished observations). Post absorption pharmacokinetics were equiv- 
alent to IV pharmacokinetics. 

Recently, a 20-mer phosphodiester was administered intravenously to rab- 
bits. Clearance from blood was rapid and, after 90 min, 16% of the dose was 
found in the urine and was intact. In blood, at least 17% of the drug was 
estimated to be completely degraded within 5 min (95). 

Toxicology 

IN VITRO 

Phosphodiester s Very little information has been published on the in vitro 
toxicities of unmodified oligonucleotides. In most systems, the oligonucleo- 
tides are thought to be rapidly degraded. When a 15-mer complementary to a 
c-myc sequence was incubated with human lymphocytes at 30 /liM for 4 hr, 
no toxicity was observed. Longer incubation (24 hr) in 10% serum resulted in 
reduced 3 H-thymidine incorporation, but the authors concluded that this was 
probably due to dilution of the thymidine pool by thymidine liberated after 
rapid degradation of the oligonucleotide (96). 

The incubation of a transformed leukemic cell line with 50 ^tM of a 20-mer 
complementary to a sequence in the BCL-1 proto-oncogene was reported to 
result in no decrease in viability as judged by trypan blue exclusion (97). 

Methylphosphonates Incubation of Vero cells with 30 juM and lower con- 
centrations of an 8-mer methylphosphonate for 24 hr resulted in no decrease 
in growth rate or cell count; however, 48 hr incubation resulted in 40% 
inhibition of growth rate (98). Similarly, neither of three 9-mers had any 
effect on L929 cell plating efficiency or protein synthesis after 16 or 40 hr 
incubations with 150 /xM of drug (99). Incubation of T15 cells with 80 /iM of 
a 9-mer directed against N-ras for 48 hr produced no effect on protein 
synthesis or viability (100). Similar results were reported for HT29 cells. 

Inasmuch as methylphosphonate oligonucleotides have, when they have 
displayed activity, effective concentrations of 50-100 /LtM, the therapeutic 
index in vitro may be rather modest. Much more detailed studies are required 
before reaching final conclusions, however. 

Phosphorothioates Phosphorothioate oligonucleotides bind to a variety of 
proteins, including serum albumin. In cell free protein translation ex- 
periments, they have been shown to induce nonspecific inhibition of protein 
synthesis (11, 101 , 102). In wheat germ and rabbit reticulocyte lysate assays, 
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concentrations as high as 100 nM of a 17-mer phosphorothioate targeted to the 
protein mRNA inhibited globin synthesis relatively specifically. At 10 jiM, 
nonspecific effects were observed (103). The nonspecific effects of phospho- 
rothioates in these assays are length-dependent, as a 5-mer was much less 
potent than the 14-mers and dC28 appeared to be the most potent phosphoro- 
thioate oligonucleotide tested. In studies in our laboratories, we have made 
similar observations with a number of phosphorothioate oligonucleotides (G. 
D. Hoke et al, unpublished observations). 

Phosphorothioate oligonucleotides have also been shown to inhibit DNA 
polymerases, reverse transcriptases, and nucleases when incubated in cell free 
systems (76, 77, 104). 

Despite the potential nonspecific interactions of phosphorothioate oligo- 
nucleotides with cellular proteins, a wide variety of compounds have been 
shown to have excellent therapeutic indices. Microinjection of nanomolar 
concentrations of a 17-mer into Xenopus oocytes inhibited £-globin synthesis. 
When 16 /iM of the compound were injected, however, protein synthesis was 
aborted and the oocytes underwent extensive cytolysis (89). 

Incubation of cells in vitro with phosphorothioate oligonucleotides has 
likewise resulted in toxicities only at concentrations much higher than those at 
which therapeutic activities were observed. Human mononuclear cells were 
unaffected after 20 hr of incubation with 25 of several 15-mers (105). 
T697 cells were unaffected by a three-day exposure to 25 /xM of a 20-mer 
(97, 106). 

In our laboratories, we have determined the effects of ISIS 1082, a 21-mer 
phosphorothioate that inhibits herpes simplex virus types 1 and 2 infections in 
HeLa cells at 200-400 nM, on HeLa cell viability, DNA synthesis, RNA 
synthesis, protein synthesis, and energy metabolism. At no concentration 
below 500 fxM were statistically significant effects observed after incubation 
for 96 hr. Exposure of HeLa cells to 500 /iM ISIS for 48 hr resulted in 20% 
inhibition of protein synthesis (77). Similar results were observed in other cell 
lines. 

Table 4 presents results from studies on 20 phosphodiester or phosphoro- 
thioate oligonucleotides targeted to various regions in the 5-lipoxygenase 
gene. Again, most of the phosphorothioates displayed toxicities only at 50 
fxM and greater. The exceptions to this rule were three 30-mers that inhibited 
cell growth at 10-35 jxM. Clearly, one can conclude from this study that 
toxicity was time- and concentration-dependent and that, with longer ex- 
posures in particular, phosphorothioates were more toxic than their phospho- 
diester analogs (73). 

We have identified other factors that influence the toxicity of phosphoro- 
thioates. Cell type may alter toxicity significantly. A comparison of the toxic 
effects of a 15-mer phosphorothioate on HL60 cells, U937 cells, and RBL-1 
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cells showed considerable variation in sensitivity; HL60 cells were the most 
sensitive. As phosphorothioates bind to serum albumin, in the presence of 
10% fetal calf serum, a 15-mer produced no cytotoxicity after 24 hr of 
incubation at 100 fxM. In the presence of 2.5% fetal calf serum, the IC 50 was 
19 /iM. Finally, the purity of the oligonucleotide has a significant effect. 
Purification of oligonucleotides in triethyl ammonium buffers with trityl-on 
HPLC followed by removal of the trityl groups in triethyl ammonium may 
result in substantial contamination with triethyl ammonium ions, which are 
toxic to cells (73). Others have alluded to batch-to-batch variations and the 
potential that contaminants might contribute to toxicities, but they have not 
identified potential toxins (60, 97, 106-108). 

Pendant group modified oligonucleotides Limited information is available 
concerning the effects of pendant groups on the toxicities of oligonucleotides. 
An acridine conjugated 7-mer phosphodiester was reported to produce no 
toxicities at 100 /xM even though the free acridine had an 1C 50 for cell 
viability of 2 /iM (109). Two 1 1-mer phosphorodiesters that were covalently 
attached to an undecyl group at the 5 f terminus had no apparent toxic effect on 
MDCK cells at 100 ixM (86). 5' terminal phospholipid conjugates of both 
phosphodiester and phosphorothioate oligonucleotides produced little toxicity 
in L292 cells when incubated at 50 to 100 /iM (85). In contrast, a 
phosphodiester 15 mer linked to poly-L-lysine was toxic to L929 cells at 1 
ixM (84). 

Table 5 summarizes published data concerning the in vitro toxicology. 

in vivo Although only preliminary toxicologic data are available, consider- 
ably more information should soon be available, as several compounds are 
currently in preclinical development. 

Single-dose toxicity studies in mice were reported for phosphodiester (19), 
methylphosphonate (110), phosphomorpholidate, and phosphorothioate oli- 
gonucleotides. Unmodified oligonucleotides resulted in deaths in two of four 
treated mice at 160 mg/kg and all four mice treated with 640 mg/kg IV. 
Within three days after injection, a phosphorothioate oligonucleotide resulted 
in equivalent toxicities to the phosphodiester. The other analogs produced 
similar toxicologic effects with slight differences in doses. 

Single doses of as much as 3.5 mg of a 27-mer complementary to the REV 
gene of HIV given IV or IP produce no toxicities in rats. Daily injections of 
50 mg/kg IV of the same compound for 12 days in mice resulted in no 
observable toxicities. This 27-mer was also administered via a subcutaneous 
osmotic pump designed to administer up to 150 mg at a constant rate for 4 wk 
to rats. Again, no toxicities in any organ were observed (94). 

ISIS 1082, 1 2 1-mer phosphorothioate targeted to inhibit herpes virus types 
1 and 2, has been administered topically to mouse and rabbit eyes for as much 
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as 21 days and resulted in no ocular toxicities. In rabbits, other organs were 
examined, and no effects were observed. Given the extensive bioavilability of 
ISIS 1082 in rabbits after ocular administration, this constitutes a significant 
observation. 

Single doses of ISIS 2 105 , a 20-mer phosphorothioate active against human 
papilloma viruses, were administered intradermally and resulted in no local or 
systemic toxicities. 

Consequendy, a growing body of data supports the contention that at least 
single doses of phosphorothioate oligonucleotides may be given to mice, rats, 
and rabbits without significant acute or subacute toxicities. 

mutagenicity Virtually no data have been published on the potential 
mutagenicity of oligonucleotides. A 27-mer phosphorothioate was reported to 
be negative in an Ames assay in the presence or absence of a liver metabolic 
activation system at doses as high as 5 mg/plate (101). 

P. Iverson (personal communication; 101) compared a number of oligonu- 
cleotide types and related chemicals in hamster lung fibroblasts. Un- 
fortunately, although this study has been cited, the primary data have never 
been published, and thus it is difficult to draw any conclusion. 

Mechanisms of Action of Oligonucleotides Interacting with 
Nucleic Acid Targets 

The mechanisms by which interactions of oligonucleotides with nucleic acids 
may induce biological effects are complex and potentially numerous. Further- 
more, very little is currently understood about the roles of various mech- 
anisms or the factors that may determine which mechanisms are involved after 
oligonucleotides bind to their receptor sequences. Consequendy, a discussion 
of mechanisms remains largely theoretical. Although a number of potential 
schemes to classify mechanisms of action might be employed, I prefer a 
scheme based on drug-receptor concepts. 

occupancy-only mediated mechanisms Classic competitive an- 
tagonists are thought to alter biological activities because they bind to recep- 
tors, thereby preventing natural agonists from binding and inducing normal 
biological processes. Binding of oligonucleotides to specific sequences may 
inhibit the interaction of the RNA or DNA with proteins, other nucleic acids, 
or other factors required for essential steps in the intermediary metabolism of 
the RNA or its utilization by the cell. 

Transcriptional arrest Oligonucleotides may bind to DNA and prevent 
either initiation or elongation of transcription by preventing effective binding 
of factors required for transcription, thus producing transcriptional arrest. 
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It is possible that oligonucleotides could bind to segments of DNA that are 
partially denatured by the transcription complex, although this is highly 
unlikely. The initiation and elongation of transcription require a complex set 
of proteins and other factors, and it is difficult to conceive of a mechanism by 
which oligonucleotides might compete effectively against the transcriptional 
machinery for these single-stranded regions. Nevertheless, despite the im- 
probability of such an event, reports of activities have been made that can be 
explained most simply by this mechanism (112, 113). Additionally, Helene 
and colleagues (114) reported that hexanucleotides to nonanucleotides with 
acridine derivatives at the 3' terminus inhibited transcription of the )3- 
lactamase gene. When the RNA polymerase was preincubated with the 
oligonucleotide-acridine adducts, however, they observed nonspecific inhibi- 
tion (115). 

The alternative to seeking transient single-stranded regions or to attempting 
to denature a double-stranded region of DNA is to inhibit transcription by 
interacting with double-stranded DNA, i.e. forming triple-stranded struc- 
tures. To form triple-stranded structures, hydrogen bonds other than Watson- 
Crick must be formed. In most current triple-strand motifs, the oligonucleo- 
tide becomes the third strand by recognizing hydrogen bonding donor/ 
receptor sites on a purine reference strand and lying in the major groove 
(116-124). Alternative motifs have also been proposed. For example, Hogan 
and colleagues (125) proposed that a purine-rich oligonucleotide can form a 
triplex structure based upon the purines in the oligonucleotide base pairing in 
parallel fashion with the purines in the duplex DNA. Studies by Dervan's 
group (126), however, suggested that the purine-rich oligonucleotide bound 
to the duplex DNA with an antiparallel orientation. 

The formation of triple-stranded structures by using natural nucleosides 
requires runs of purines Watson-Crick-hydrogen-bonded to their com- 
plementary pyrimidines. When cytidine is used to form a triple strand with a 
G-C base pair, it must be protonated; this occurs at nonphysiological acidic 
conditions (121). Furthermore, all motifs employ one or more "weak" hydro- 
gen bonds. Thus, to achieve sufficient stability, relatively long triple-strand 
structures are required. 

The principal theoretical advantage of triple helical inhibition schemes is 
that transcription represents the first step in the intermediary metabolism of 
RNA and may, therefore, provide substantial leverage for drug therapy. The 
other advantages that have been suggested are much more speculative. For 
example, it has been suggested that the smaller number of genes (one or two) 
compared to the number of mRNA molecules (usually less than 1000) per cell 
is an advantage for approaches that inhibit transcription. This suggestion 
ignores the kinetics of the targets, however. Genes have an infinite half-life 
relative to cell life. RNA molecules are synthesized and degraded with 



OLIGONUCLEOTIDES 35 1 



varying kinetics. Furthermore, a variety of mechanisms exist to assure that 
even covalent modifications of DNA are repaired. Another concept has been 
that triple helixes in DNA might produce permanent biological effects. That 
even alkylating and DNA-cleaving anticancer drugs do not produce per- 
manent effects points to the speciousness of this notion. 

A number of theoretical disadvantages of triple helical inhibition of 
transcription have also been enumerated. Sequence specific binding is not yet 
possible, as runs of homopyrimidines are required. These sequences may play 
important regulatory roles in DNA, as they are much more abundant than 
statistically predicted (16). Longer term, a more substantial problem may 
simply be gaining sequence-specific access to DNA in chromatin. Additional- 
ly, deliberate interactions with the genome raise concerns about mutagenicity, 
carcinogenicity, and teratogenicity, which, in most therapeutic settings, are of 
considerable importance. 

Several strategies have been developed to circumvent the requirement for 
purine-pyrimidine runs and other limitations. For example, purine oligonucle- 
otides form triplex structures at higher pH values than pyrimidine-rich oligo- 
nucleotides (125, 126). Similarly, pyrimidine-rich oligonucleotides, in which 
2 f -0-methyl pseudoisocytidine was substituted for 2 1 deoxycytidine, formed 
triplex structures as neutral pH (127). Oligonucleotides with linkers that allow 
crossover of the oligopyrimidine from one strand of the duplex to the other 
have been reported and this motif suggested to be a solution to a broader 
sequence repertoire (128). To enhance the stability of triple helices, in- 
tercalators and photoactivatable crosslinkers and alkylators have been con- 
jugated to oligo pyrimidines (129-131). To increase potency and enable 
identification of sites of binding, a number of cleavage moieties have been 
conjugated to oligopyrimidines (132-137). Finally, to enhance nuclease 
stability, methylphosphonates (138) and a-oligonucleotides (136) have been 
shown or suggested to form triple helices. 

In addition to cleavage of DNA in vitro by triplex-forming oligonucleotides 
coupled to cleavage reagents and alkylation induced by oligonucleotide- 
coupled alkylators, several other methods have been used to show triplex 
formation. These include agarose affinity column purification (139), NMR 
(140), protection from uv dimerization (141), solution hybridization (142), 
inhibition of binding of DNA-binding proteins (143), inhibition of restriction 
endonucleases (144), and repression of c-myc transcription in vitro (125). 
Recently, a 28-mer phosphodiester stabilized at the 3 1 end by alanine and 
directed to enhancer elements for the IL-2 receptor gene was shown to inhibit 
the transcription of the gene when incubated with human lymphocytes. The 
authors reported evidence for selectivity to oligonucleotides as well (145). 

Obviously, triple-helix-based inhibition of transcription is of potential 
therapeutic importance, particularly for targets that for a variety of reasons 
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may be difficult to inhibit at the post-transcriptional level. Substantial medi- 
cinal chemistry must be completed, however, to create oligonucleotides that 
can interact with duplex structures in a sequence-specific fashion without 
requiring special motifs. Once this is accomplished, of course, additional 
studies must show that the other theoretical limitations discussed above can be 
overcome. 

Inhibition of splicing A key step in the intermediary metabolism of most 
mRNA molecules is the excision of introns. These "splicing" reactions are 
sequence-specific and require the concerted action of spliceosmes. Con- 
sequently, oligonucleotides that bind to sequences required for splicing may 
prevent binding of necessary factors or physically prevent the required cleav- 
age reactions. This then would result in inhibition of the production of the 
mature mRNA. Although there are several examples of oligonucleotides 
directed to splice junctions, none of the studies presented data showing 
inhibition of RNA processing, accumulation of splicing intermediates, or a 
reduction in mature mRNA. Nor are there published data in which the 
structure of the RNA at the splice junction was probed and the oligonucleo- 
tides demonstrated to hybridize to the sequences for which they were designed 
(146-149). Activities have been reported for anti-c-myc and antiviral oligo- 
nucleotides with phosphodiesters, methylphosphonates, and phosphorothio- 
ates. 

Translational arrest Without question, the mechanism for which the major- 
ity of oligonucleotides have been designed is translational arrest. Oligonucle- 
otides have been designed to bind to the translational initiation codon. The 
positioning of the initiation codon within the area of complementarity of the 
oligonucleotide and the length of the oligonucleotide used have varied con- 
siderably. Again, unfortunately, only in relatively few studies have the 
oligonucleotides been shown to bind to the sites for which they were de- 
signed, and other data that support translation arrest as the mechanism 
reported. 

Target RNA species that have been reported to be inhibited include HIV 
(19), vesicular stomatitus virus (VSV) (82), n-myc (150), and a number of 
normal cellular genes (151-154). 

In our laboratories, we have shown that a significant number of targets may 
be inhibited by binding to translation initiation codons. For example, ISIS 
1082 hybridizes to the AUG codon for the UL1 3 gene of herpes virus types 1 
and 2. Studies with RNaseH confirmed that ISIS 1082 binds selectively in this 
area. In vitro protein synthesis studies confirmed that ISIS 1082 inhibited the 
synthesis of the UL13 protein, and studies in HeLa cells showed that it 
inhibited the growth of herpes type 1 and type 2 with an IC50 of 200-400 nm 
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by translation arrest (155). Similarly, ISIS 1753, a 30-mer phosphorothioate 
complementary to the translation initiation codon and surrounding sequences 
of the E2 gene of bovine papilloma virus, was highly effective, and its activity 
was shown to be due to translation arrest. ISIS 2 105, a 20-mer phosphorothio- 
ate complementary to the same region in human papilloma virus, was shown 
to be a very potent inhibitor. Compounds complementary to the translation 
initiation codon were the most potent of the more than 50 compounds studied 
complementary to various other regions in the RNA (156). 

In conclusion, translation arrest represents an important mechanism of 
action for antisense drugs. A number of examples purporting to employ this 
mechanism have been reported. Recent studies on several compounds have 
provided data that unambiguously demonstrate that this mechanism can result 
in potent antisense drugs. 

Disruption of necessary RNA structure RNA adopts a variety of three- 
dimensional structures induced by intramolecular hybridization, the most 
common of which is the stem loop (Figure 2). These structures play crucial 
roles in a variety of functions. They are used to provide additional stability for 
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Figure 2 Antisense oligonucleotides directed against the HIV TAR element. The oligonu- 
cleotide sequences are complementary to the tar sequences where indicated. 



354 CROOKE 



RNA and as recognition motifs for a number of proteins, nucleic acids, and 
ribonucleoproteins that participate in the intermediary metabolism and activi- 
ties of RNA species. Thus, given the potential general activity of the mech- 
anism, it is surprising that occupancy-based disruption RNA has not been 
more extensively exploited. 

As an example, we designed a series of oligonucleotides that bind to the 
important stem-loop in all RNA species in HIV, and TAR element. We 
synthesized a number of oligonucleotides designed to disrupt TAR, and 
showed that several indeed did bind to TAR, disrupt the structure, and inhibit 
TAR-mediated production of a reporter gene ( 157). Futhermore, general rules 
useful in disrupting stem-loop structures were developed as well. 

Although designed to induce relatively nonspecific cytotoxic effects, two 
other examples are noteworthy. Oligonucleotides designed to bind to a 17 
nucleotide loop in Xenopus 28S RNA, required for ribosome stability and 
protein synthesis, inhibited protein synthesis when injected into Xenopus 
oocytes (158). Similarly, oligonucleotides designed to bind to highly con- 
served sequences in 5.8S RNA inhibited protein synthesis in rabbit reticulo- 
cyte and wheat germ systems (159). 

occupancy-activated destabilization RNA molecules regulate 
their own metabolism. A number of structural features of RNA are known to 
influence stability, various processing events, subcellular distribution, and 
transport. As RNA intermediary metabolism is better understood, many other 
regulatory features and mechanisms will probably be identified. 

5 1 Capping A key early step in RNA processing is 5 f capping (Figure 1). 
This stabilizes pre-mRNA and is important for the stability of mature mRNA. 
It also is important in binding to the nuclear matrix and nuclear transport of 
mRNA. As the structure of the cap is unique and understood, it presents an 
interesting target. 

Several oligonucleotides that bind near the cap site have been shown to be 
active, presumbly by inhibiting the binding of proteins required to cap the 
RNA. Again, however, this putative mechanism has not been rigorously 
demonstrated in any published study. In fact, none of the oligonucleotides 
have been shown in any published study to bind to the sequences for which 
they were designed. For example, the synthesis of SV40 T-antigen was 
reported to be most sensitive to an oligonucleotide linked to polylysine and 
targeted to the 5' cap site of RNA (160). 

In studies in our laboratory, we have designed oligonucleotides to bind to 
5' cap structures and reagents to specifically cleave the unique 5 1 cap 
structure (161). 
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Inhibition of 3* polyadenylation In the 3' untranslated region of pre-mRNA 
molecules, there are sequences that result in the post-transcriptional addition 
of long (hundreds of nucleotides) tracts of polyadenylate. Polyadenylation 
stabilizes mRNA and may play other roles in the intermediary metabolism of 
RNA species. Theoretically, interactions in the 3' terminal region of pre- 
mRNA could inhibit polyadenylation and destabilize the RNA species. 
Although there are a number of oligonucleotides that interact in the 3' 
untranslated region and display antisense activities, to date no study has 
reported evidence for alterations in polyadenylation. 

Other mechanisms In addition to 5 ! capping and 3' adenylation, clearly 
other sequences in the 5 1 and 3' untranslated regions of mRNA affect the 
stability of the molecules. Again, a number of antisense drugs may work by 
these mechanisms. 

Zamecnik & Stephenson (1) reported that a 13-mer targeted to untranslated 
3 1 and 5 1 terminal sequences in Rous sarcoma viruses was active. Oligonucle- 
otides that were conjugated to an acridine derivative and targeted to a 3'- 
terminal sequence in type A influenza viruses were reported to be active (109, 
162, 163). Against several RNA targets, studies in our laboratories have 
shown that sequences in the 3' untranslated region of RNA molecules are 
often the most sensitive. For example, ISIS 1939, a 20-mer phosphorothioate 
that binds to and appears to disrupt a predicted stem-loop structure in the 3 1 
untranslated region of the mRNA for ICAM, is a potent antisense inhibitor. 
However, inasmuch as a 2 l -0-methyl analog of ISIS 1939 was much less 
active, it is likely that in addition to destabilization to cellular nucleolytic 
activity, activation of RNase H (see below) is also involved in the activity of 
ISIS 1939 (164). 

activation OF RNase H RNase H is an ubiquitous enzyme that degrades 
the RNA strand of an RNA-DNA duplex. It has been identified in organisms 
as diverse as viruses and human cells (for review see 165). At least two 
classes of RNase H have been identified in eukaryotic cells. Those in yeast 
and multiple enzymes with RNase H activity have been observed in pro- 
karyotes (165). Furthermore, data suggest that there are multiple isozymes in 
eukaryotic cells. 

Although RNase H is involved in DNA replication, it may play other roles 
in the cell and is found in the cytoplasm as well as the nucleus (166). The 
concentration of the enzyme in the nucleus is thought to be greater, however, 
and some of the enzyme found in cytoplasmic preparations may be due to 
nuclear leakage. 

RNase H activity is quite variable. It is absent or minimal in rabbit 
reticulocytes (167) but present in wheat germ extracts (165) in a wide range of 
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cells (16). The level of RNase H varies as a function of development, 
differentiation, and rate of cell division (165). In HL60 cells, for example, the 
level of activity in undifferentiated cells is greatest; it is relatively high in 
DMSO and vitamin D--differentiated cells, and much lower in PMA- 
differentiated cells (G. D. Hoke et al, unpublished observations). 

The precise recognition elements for RNase H are unknown; however, it 
has been shown that oligonucleotides with DNA-like properties as short as 
tetramers can activate RNase H (168). Changes in the sugar influence RNase 
H activation, as sugar modifications that result in RNA-like oligonucleotides, 
e.g. 2 1 -fluoro or T -O-methyl, do not appear to serve as a substrate for RNase 
H (44, 169). Alterations in the orientation of the sugar to the base can also 
affect RNase H activation, as ^-oligonucleotides are unable to induce RNase 
H or may require parallel annealing (41, 170). Additionally, backbone mod- 
ifications influence the ability of oligonucleotides to activate RNase H. 
Methylphosphonates are not substrates for RNase H (74, 143). In contrast, 
phosphorothioates are excellent substrates (106, 155, 171; G. D. Hoke un- 
published observations). More recently, chimeric molecules have been stud- 
ied as substrates for RNase H (172, 173). A single ribonucleotide in a 
sequence of deoxy ribonucleotides was recently shown to be sufficient to serve 
as a substrate for RNase H when bound to its complementary deoxy oligo- 
nucleotide (174). 

Despite the information about RNase H and the demonstrations that many 
oligonucleotides may activate RNase H in lysate and purified assays (168, 
175-177), relatively little is known about the role of structural features in 
RNA targets in activating RNase H. There is little direct proof that RNase H 
activation is, in fact, the mechanism of action of oligonucleotides in cells. 
Recent studies in our laboratories provide additional, albeit indirect, insights 
into these questions. ISIS 1939 is a 20-mer phosphorothioate complementary 
to a sequence in the 3' untranslated region of ICAM-1 RNA. It inhibits ICAM 
production in human umbilical vein endothelial cells, and northern blots 
demonstrate that ICAM-1 mRNA is rapidly degraded. A 2 1 -O-methyl analog 
of ISIS 1939 displays higher affinity for the RNA than the phosphorothioate, 
is stable in cells, but inhibits ICAM-1 protein production much less potently 
than ISIS 1939. It is likely that ISIS 1939 destabilizes the RNA and activates 
RNase H. In contrast, ISIS 1570, an 18-mer phosphorothioate that is com- 
plementary to the translation initiation codon of the ICAM-1 message, in- 
hibited production of the protein but caused no degradation of the RNA. 
Thus, two oligonucleotides that are capable of activating RNase H had 
different effects, depending on the site in the mRNA to which they bound 
(164). 

COVALENT MODIFICATION OF THE TARGET NUCLEIC ACID BY THE OLIGO- 
NUCLEOTIDE A large number of oligonucleotides conjugated to alkylating 
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and photoactive alkylating species have been synthesized and tested for 
effects on purified nucleic acids and intracellular nucleic acid targets (162, 
178). The potential advantage of such modifications is, of course, enhanced 
potency. The potential disadvantages are equally obvious: nonspecific alkyla- 
tion in vivo and resulting toxicities. 

A variety of alkylating agents have been used to modify single-stranded 
DNA covalently and have been shown to induce alkylation at sequences 
predicted by the complementary oligonucleotide to which they were attached 
(178-182). Similar alkylators have been employed to modify double-stranded 
DNA covalently after triplex formation (125, 137, 183, 184). 

Photoactivatable crosslinkers and platinates have been coupled to oligonuc- 
leotides and shown to crosslink sequence-specifically as well. Photoactivat- 
able crosslinkers coupled to phosphodiesters, methyl-phosphonates, and 
phosphorothioates have been shown to produce sequence-specific cross- 
linking (59, 130, 185-190). Photoreactive crosslinking has also been demon- 
strated for double-stranded DNA after triplex formation (136, 191). 

Preliminary data suggesting that covalent modifications of nucleic acids in 
cells is feasible and may enhance the potency of oligonucleotides have also 
been reported. Psoralen-linked methylphosphonate oligonucleotides were re- 
ported to be significantly more potent than methylphosphonate oligonucleo- 
tides in inhibiting rabbit globin mRNA in rabbit reticulocyte lysate assay (33). 
Psoralen-linked methylphosphonates were also reported to be more potent in 
inhibiting herpes simplex virus infection in HeLa cells in tissue culture (147). 
Additionally, although it did not produce covalent modification, a 9-mer 
phosphodiester conjugated with an intercalator inhibited mutant Ha-ras syn- 
thesis in T-24 bladder carcinoma cells (81). 

OLIGONUCLEOTIDE-INDUCED CLEAVAGE OF NUCLEIC ACID TARGETS 
Another attractive mechanism by which the potency of oligonucleotides might 
be increased is to synthesize derivatives that cleave their nucleic acid targets 
directly. Several potential chemical mechanisms are being studied, and posi- 
tive results have been reported. 

The mechanism that has been most broadly studied is to conjugate oligo- 
nucleotides to chelators of redox-active metals and generate activated oxygen 
species that can cleave nucleic acids. Dervan and colleagues have developed 
EDTA-conjugated oligonucleotides that cleave double-stranded DNA se- 
quence specifically after triplex formation (124, 137). Dervan and others have 
employed EDTA-oligonucleotide conjugates to cleave single-stranded DNA 
(192, 193). It is thought that EDTA chelates iron, which generates hydroxyl 
radicals that cleave the DNA; however, the cleavage occurs at several nuc- 
leotides near the nucleotide at which EDTA is attached. 

In the presence of copper, oligonucleotides that are conjugated to 2,10- 
phenantholine also cleave DNA with some sequence specificity (129, 
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133-135, 194, 195), as do porphyrin-linked oligonucleotides when exposed 
to light (196-198). Phorphyrin-linked oligonucleotides, however, oxidize 
bases and induce crosslinks as well as cleave the phosphodiester backbone. 

To date, no reports have demonstrated selective cleavage of an RNA or 
enhanced potency of oligonucleotides in cells using oligonucleotides and 
cleaving moieties that employ these mechanisms. Studies in progress in a 
number of laboratories will probably soon explore this question. 

Another mechanism that may be intrinsically more attractive for therapeutic 
applications, particularly for cleavage of RNA targets, is a mechanism an- 
alogous to that used by many ribonucleases, nucleotodiyl transferases, phos- 
photransferases, and ribozymes. 

Ribozymes are oligoribonucleotides or RNA species capable of cleaving 
themselves or other RNA molecules (199). Furthermore, the Tetrahymena 
ribozyme has been shown to cleave DNA, but at a slower rate than RNA 
(200). Although several classes of ribozymes have been identified that differ 
with regard to substrate specificity, the use of internal or external guanosine, 
and other characteristics, they all employ similar enzymatic mechanisms. 
Cleavage and ligation involve a Mg 2+ -dependent transesterification with 
nucleophilic attack by the 3 , -hydroxyl of guanosine (200). 

The notion that we might design a relatively small ribozyme that could 
interact with desired sequences as a therapeutic was given impetus by studies 
that showed activity for ribozymes as short as a 19-mer (201) and by the 
demonstration that ribozyme activity can be retained after substitutions such 
as phosphorothioates are introduced (200). 

Other approaches to creating oligonucleotides that cleave RNA targets are 
to synthesize oligonucleotides with appropriate adducts positioned to catalyze 
degradation via acid-base mechanisms. Substantial progress is being made in 
this area as well (P. D. Cook et al, unpublished observations). 

A few studies have attempted to compare activities of oligonucleotides 
targeted to different receptor sequences in the same RNA. In our laboratories, 
we have shown that the most sensitive site in ICAM mRNA appears to be the 
3' untranslated region (164). Against PLA 2 , the most active molecules are 
also directed to sequences in the 3' untranslated region. In contrast, the most 
active molecules against EL AM are in the 5 1 untranslated region (C. F. 
Bennett etal, unpublished observations). However, oligonucleotides directed 
to the 5* cap site, translation initiation codon, and coding regions have also 
shown activity (for review see 202, 203). 

In conclusion, an array of potential post-binding mechanisms have already 
been identified for oligonucleotides. For specific oligonucleotides, however, 
insufficient data are available to draw firm conclusions about mechanisms. 
More than one mechanism may very well play a role in the activity of a given 
oligonucleotide. Many additional mechanisms are likely to be identified as 
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progress continues. It is important to consider the structure and function of 
receptor sequences in designing oligonucleotides and to continue to study 
potential mechanisms in detail. Clearly, RNase H may play a role in the 
mechanisms of many oligonucleotides, but, equally clearly, it is not critical 
for the activity of others. In the future, the mechanisms for which oligonucle- 
otides are designed will probably be optimized for each target and class of 
oligonucleotide. 

MEDICINAL CHEMISTRY 

The core of any rational drug discovery program is medicinal chemistry. 
Although the synthesis of modified nucleic acids has been a subject of interest 
for some time, the intense focus on the medicinal chemistry of oligonucleo- 
tides dates perhaps to no more than three years prior to this writing. Con- 
sequently, the scope of medicinal chemistry has recently expanded enormous- 
ly, but the biological data to support conclusions about synthetic strategies are 
only beginning to emerge. As several excellent reviews have been published 
recently, I focus here strictly on design features and progress in evaluating 
various approaches to enhance the properties of oligonucleotides as drugs (12, 
16, 202, 203). 

Modifications in the base, sugar, and phosphate moieties of oligonucleo- 
tides have been reported. The subject of medicinal chemical programs include 
approaches to create enhanced affinity and more selective affinity for RNA or 
duplex structures; the ability to cleave nucleic acid targets; enhanced nuclease 
stability, cellular uptake, and distribution; and in vivo tissue distribution, 
metabolism and clearance. 

Modifications of the Phosphate 

Table 6 shows the structures of various phosphate analogs. The properties of 
phosphodiester, phosphorothioate, and methylphosphonate analogs have been 
discussed extensively. More recently, phosphorodithioates have been syn- 
thesized and reported to be nuclease-resistant and to form stable duplexes with 
complementary DNA (204). Of course, a potential advantage of the phos- 
phorodithioates is the lack of a chiral center. Another interesting recent 
modification is the replacement of one of the nonbonding oxygen atoms with 
a borane group (205). A dimer was reported to be nuclease-resistant, but little 
additional information is available. 

Modifications of the Pentofuranose Linker 

Modifications of oligonucleotides that replace phosphorous may be attractive 
because they support the design of oligonucleotides that may have a range of 
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Table 6 Phosphate modifications and analogs 




Structure 



R 



Name 



Phosphodiester 



2 



Phosphorothioate 



3 



Me 



Methyl phosphonate 



4 



N (alkyl) 



Phosphoramidate 



BASE 



5 



S and 
O — S 



Phosphorodithioate 



6 



H 3 B 



Boranophosphate 



charges from non ionic to negatively or positively charged. In theory, reducing 
the anionic character of oligonucleotides may enhance hybridization and 
pharmacokinetic properties. 

As discussed above, earlier modifications were not specifically directed to 
the needs of oligonucleotide drugs. Recent modifications have attempted to 
maintain the geometry and spacing required to support hybridization. 
Replacement of the phosphorous dioxygen moiety with a methylene group has 
been reported by two groups (51-53). This "formacetar linkage forms a 
stable duplex with DNA and to be nuclease-resistant, but it is not amenable to 
additional modifications without creating chiral centers and would result in a 
water-insoluable molecule if fully substituted throughout an oligonucleotide. 
Other one-for-one substitutions have been reported, but the substitutions are 
either less interesting or have not been evaluated sufficiently to determine 
their potential (for review see 12). 

More complex substitutions have also been reported recently, including 
two atom substitutions in which the phosphorous and 5 1 oxygen atoms were 
replaced by a sulfonamide linkage (54) or methyl sulfoxyl linkage (206). A 
thymine tetramer in which the phosphate backbone structure was replaced 
with dimethylene sulfonate was recently found to hybridize with natural 
oligonucleotides (207). Additionally, an acetamide group has been substituted 
for the backbone phosphate structure in a dinucleoside (207). Finally, a great 
many other substitutions in the backbone have been made and will probably 
be published in the next year, so the repertoire of compounds should continue 
to increase. 
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Pentofuranose (Sugar) Modifications 

A significant number of modifications have recently been reported. In es- 
sence, these derive from two strategies with different objectives. Oligonucle- 
otides in which the sugars are modified uniformly throughout are designed to 
enhance affinity to RNA targets by facilitating the formation of a more stable 
helix. They also may enhance nuclease stability and membrane permeability, 
but these outcomes are usually secondary to the hybridization goals. In 
contrast, pendant modifications have also been synthesized primarily to en- 
hance pharmacokinetics or to introduce alkylating or cleaving moieties. In 
any event, the sugar at the 2 1 position is clearly an attractive site for medicinal 
chemistry. Some of the properties of a few of the 2 1 modified oligonucleo- 
tides are shown in Table 3. This remains a fertile area for medicinal chemis- 
try, and additional advances are likely. 

More substantive alterations in sugar and even replacement of sugar are 
also possible. Of course, ^-oligonucleotides represent one type of modifica- 
tion (41), but numerous other approaches are feasible. Carbocyclic (49, 50) 
and acyclic (47, 48) structures have been reported. 

Heterocyclic Modifications 

Numerous heterocyclic modifications have also been described. Many of 
these have been designed to enhance affinity and/or alter specificity (224) . 
Other modifications have been developed to attach pendant modifications that 
may alkylate, intercalate, or cleave, as well as others that may enhance 
pharmacokinetic properties. 

Conclusions 

In conclusion, it is clear that an enormous scope for medicinal chemistry 
exists and that the major programs are already beginning to pay dividends. 

ACTIVITIES OF OLIGONUCLEOTIDES 

In the past several years, scores of articles have been published demonstrating 
the activity of a large number of oligonucleotides in a variety of systems. A 
number of excellent reviews have summarized the activities of these com- 
pounds (16, 202, 203, 208). The activities of oligonucleotides in assays of 
cell-free protein synthesis and after injection into cells of several types have 
also been summarized. Consequently, I provide a brief summary of the 
activities of oligonucleotides in cell-based assays and a comment on the 
limited in vivo data reported to date. 



362 CROOKE 



Activities in Cells in Tissue Culture 

To date, oligonucleotides have been found to inhibit the growth of a large 
number of viruses in tissue culture, the expression of numerous oncogenes, a 
variety of normal cellular genes, and a number of transfected reporter genes 
controlled by several regulatory elements. The oligonucleotides used, the 
cells employed, and the receptor sequences, concentrations, and conditions 
have differed widely. Only a few of the studies have reported detailed dose 
response curves and conditions. Studies for which sufficient information was 
presented are summarized in Table 7. 

The data presented in Table 7 support only a few generalizations, as 
follows: 

1 . Even though phosphodiesters are relatively rapidly degraded, a number of 
laboratories have reported activities for unmodified phosphodiester oligo- 
nucleotides in cells incubated in the absence of serum. The concentrations 
required to display activity were typically greater than 10 /llM. 

2. A variety of modified oligonucleotides have been reported to be active. 
Methylphosphonates appear to be less potent than phosphorothioates, but 
considerable variation has been noted, depending on the system. Conjuga- 
tion of alkylators and intercalators to phosphodiesters and methylphos- 
phates increases potency. Lipophilic and poly-lysine conjugates have also 
displayed enhanced activities. 

3. Oligonucleotides have demonstrated a broad array of activities against 
viral targets, oncogenes, normal host gene products, and various trans- 
fected genes. Thus, clear evidence supports the broad, potential applica- 
bility of these drugs. 

4. Although the data from studies incorporated in Table 7 are limited, when 
combined with the in vitro toxicologic data, the therapeutic indexes of 
phosphorothioates appear to be quite high in vitro. Methylphosphonates 
appear to have lower therapeutic indexes. Too few data are available to 
draw conclusions about other classes of oligonucleotides. 

5. Very few data support putative mechanisms of action, and generalizations 
concerning desired mechanisms of action are not possible. Nevertheless, a 
variety of mechanisms of action may be employed by oligonucleotides to 
result in significant biological activities. 

In Vivo Activities 

Two earlier investigations have suggested in vivo activities of antisense drugs 
against viral infections. Although no data were reported, a methylphosphon- 
ate oligonucleotide was indicated to have been active in a mouse model of 
herpes simplex virus I infection (147). Another study claimed in vivo activity 
against tick-borne encephalitis virus (213). 
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Topical application of ISIS 1082 in an aqueous buffer to the cornea of mice 
infected with herpes virus I inhibited viral growth in a concentration- 
dependent fashion and cured the infection at concentrations greater than 1% 
(230). The activity of ISIS 1082 was equivalent to trifluorothymidine and was 
associated with no local or systemic toxicities. 

CONCLUSIONS 



g g Oligonucleotides designed to interact with nucleic acid receptors represent a 

■5 ^ potentially revolutionary advance in pharmacotherapy. Advances in the recent 

•|f2 past and the intense, current focus assure that the paradigm will be fully 

I o explored. 

-sscj Oligonucleotides have already been shown to work in vitro and have 

I % proven to be invaluable pharmacologic tools. The progress in resolving the 

§> basic pharmacological questions relating to oligonucleotide therapeutics and 

I ^ in resolving issues that will influence the commercialization of new drugs of 

* pq this class has been impressive. Moreover, advances in medicinal chemistry 

-| ^ are exciting and argue that exciting new classes of these drugs are forthcom- 

° g Much remains to be learned; a great deal remains to be accomplished before 

^ S the paradigm is fully proven and the opportunity it represents realized. In the 

£g coming years, the key tasks will be (a) to place oligonucleotide therapeutics 

2 on a s °lid pharmacological footing by performing careful dose response 
curves in well-designed experiments, and (b) to advance the development of 

§ ^ oligonucleotide pharmaceutic products to the point that the paradigm can be 

■3 % tested in man. 

I o There is now cause for considerable optimism that the promise of oligonu- 
cleotide therapeutics may be realized. 
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